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Introduction

1. INTRODUCTION
1.1. Noble metal nanoparticles
Nanosized metal particles have gained recently a considerable attention due to their
unique optical and electrical properties. They show increased photocatalytic and
photophysical activities which are strongly dependent on the size and shape of the particles as
well as on their arrangement and mutual interaction in the particle assemblies1-5. Such
nanoparticles have shown recently use in surface-enhanced (Raman) spectroscopy, catalysis
and as biological probes for diagnostic purposes, and they have many other potential
applications in electronics and optoelectronics. Nanoparticle size, generally, provides an
important control over many of the physical and chemical properties of nanoscale materials
including luminescence, conductivity, and catalytic activity.
The unique optical responses of plasmonic metal nanoparticles (NPs) arise from an
electrodynamic phenomenon known as surface plasmon. This is connected to the collective
oscillations of free electrons in response to a characteristic electromagnetic frequency. Two
types of surface plasmons were described6, 7: (i) “propagating” surface plasmon polaritons
(SPPs), which propagate tens to hundreds of micrometers along the metal surface, with an
associated electric field that decays exponentially with the distance from the exposed metal
surface and (ii) “nonpropagating” localized surface plasmon resonances (LSPRs), which are
plasmon excitations that can be resonantly excited with electromagnetic irradiation. The
coupling of metal NPs with light is accompanied by the local electromagnetic field
enhancement which the surface-enhanced phenomena are based on (Chapter 1.2.6.). The
growing field of scientific research and applications focused on such light-metal interactions
is known as „plasmonics“.
The simplest type of LSPRs is
a dipolar LSPR which can be described as
follows: when a small metal nanoparticle
with the radius R, much smaller than the
incident radiation wavelength, is irradiated
by an electromagnetic wave of a particular
wavelength,

the

irradiation

induces

Figure 1-1. Schematic illustration of a localized surface
plasmon in a metal sphere, from ref.8.

a collective oscillation of free electrons inside the particle, which move with the same
frequency as the frequency of the incident wave. It leads to a formation of an induced dipole
on the nanoparticle surface (Figure 1-1). Depending on the magnitude of the induced dipole
1
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moment and the size of the nanoparticle a resonance oscillation can occur at a specific
frequency. The dipolar plasmon resonance of the metal nanoparticle is defined by its induced
dipole moment, P, which can be expressed:

P = 4πε 0 R 3

ε (λ ) − ε med
E
ε (λ ) + 2ε med 0

(1)

where E0 is the amplitude of the electric field vector of the incident electromagnetic radiation,
R nanoparticle radius, ε0 the vacuum electric permittivity, εmed the relative permittivity
(dielectric constant) of the local medium; since the nanoparticles are usually embedded in a
medium with negligible optical absorption in the visible region, εmed is taken as wavelength
independent), ε(λ) is the relative complex permittivity (dielectric function) of the metal which
is wavelength-dependent:

ε (λ ) = ε r (λ ) + iε i (λ )

(2)

The complex permittivity is bound to the complex refractive index N by a simple relation:

ε (λ) = N2 (λ),

(3)

N = n + ik

(4)

where

with refractive index n and absorption coefficient k.
The resonance condition, when a maximum of induced dipole moment appears, is
fulfilled when

ε (λ ) + 2ε med = 0

(5)

that can be achieved when

εr(λ) = -2 εmed

(6)
2
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and, simultaneously, εi(λ) is negligible. For an assembly of small, non-interacting Au NPs
embedded in water, the wavelength at which the resonance condition is fulfilled is at 520 nm.
The resonance wavelength for small non-interacting Ag NPs in aqueous environment is at
390 nm. The plasmonic response is directly measurable by optical extinction as a function of

λ, providing a surface plasmon extinction (SPE) spectrum. Extinction includes both
absorption and scattering contributions, which have different scaling relationships with the
nanoparticle size. The absorption cross section increases linearly with particle volume,
whereas the scattering cross section is relatively smaller but scales with volume squared. The
characteristics of SPE spectrum such as the bandwidth, position and intensity of the SPE band
depend on the nanoparticle material, NP size and shape (geometry), dielectric constant of the
surrounding medium and interparticle coupling. The following examples from recent
literature will clearly show how the SPE features are influenced by nanoparticle material, size,
shape, dielectric constant of medium and interaction between the particles.
Nanoparticle material. Extinction spectra of spherical particles having the diameter
10 nm both in water as a surrounding medium and in vacuum were calculated by Creighton9
for 52 different metallic elements. Well resolved extinction bands are observed for colloidal
Sc, Ti, V, Y, Cd, Eu, Yb, Hg and Th as well as for colloids of Cu, Ag, Au and the s-block
metals. For most of the remaining metals, consisting of most of the metals of the d- and pblocks, the spectra show a steep rise in extinction at very short wavelengths while in the
visible range the extinction is flat and featureless. Therefore, the colloids of most of the d- and
p-block metals are grey or brown. Only for Au and Ag the main extinction bands can be
interpreted as plasma resonances, whilst for colloids of the other d-block metals the plasmon
resonance lies in the UV region, predominantly overlapped by the interband optical
transitions. It is thus evident that the Au, Ag or Cu nanoparticle colloids are good candidates
for the observation of a surface-enhanced Raman scattering and other photophysical processes
occurring on the nanoparticle surface since their extinction bands are close to the wavelengths
of conventional laser excitation sources.
Nanoparticle size. For gold particles with 2R < 25 nm, the size dependence of the
plasmon extinction is introduced by assuming a size-dependent material dielectric function

ε(ω, R); for larger NPs (beyond the Rayleigh approximation) the extinction coefficient
explicitly depends on the nanoparticle size as the higher-order plasmon modes contribute,
which are function of R.
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Plasmon bandwidth as well as SPE maximum depends on the nanoparticle size
(Figure 1-2). The broadening of the SPE band for Ag and Au NPs becomes evident for
nanoparticle size much less than the electron mean free path Le, a material dependent property
that, for example, gives the broadening of SPE band of Au NPs for 2R < 25 nm. It is caused
by the relaxation rate of electron displacement which increases with a 1/R relationship due to
the scattering processes on the NP’s surface. On the other hand, the position of SPE
maximum for these small NPs is not significantly influenced by nanoparticle size (e.g. SPE
maximum for Au NPs of 2R = 25-10 nm is located at 520 nm). For larger metallic NPs
(2D > 30 nm) the SPE band, attributed to dipolar resonance, red shifts and broadens. The red
shift arises from a reduction of the depolarization field caused by the retardation effect of
conduction electrons that do not move all in phase. Radiative damping and also nonradiative
electronic mechanism such as interband transitions contribute to the plasmon relaxation. It
results in a significant broadening of the SPE band. The broadening is also caused by the
excitation of higher-order plasmon modes; for example, quadrupole resonance in Ag and Au
NPs can be observed in SPE spectra of particles having 60 nm in diameter.

Figure 1-2. Size effect of spherical Au NPs on the SPE bandwidth, from ref.10.

Nanoparticle shape. Mie theory11, the formulations of which are based on the
Maxwell‘s equations, provides the exact analytical solution for the optical properties of
spherical metallic nanoparticles and the obtained SPE spectra are in an excellent agreement
with experiments as long as the examined colloids are spherical in shape, dilute in a
surrounding medium, and relatively monodisperse. However, current research is focused on
the fabrication of anisotropic NPs with well-defined structures other than spheres12. These
include nanoscale rods, disks, triangular prisms, multipods, cubes, and nanoshells. To obtain
an analytical solution for the optical characteristics of these anisotropic structures, an
electrostatic approximation must be used. A number of theoretical descriptions have been
developed based on various approaches, including the discrete dipole approximation (DDA),
4
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T-matrix method, finite difference time domain methods (FDTD), the multiple multipole
method or the modified long wavelength approximation (MLWA)4, 13-16.
SPE spectra of metallic nanorods will be discussed in more details. According to MieGans theory (developed for particles much smaller than the wavelength of incident irradiation
in which only dipolar excitations occur), the extinction E(λ) of a spheroid metallic NP is
given by the following equation



εi
E (λ ) ∝ 
2
2
 (ε r + χε med ) + ε i 

(7)

where χ is a spheroid geometry dependent factor, proportional to the ratio of major (b) and
minor (a) axis of the spheroid, i.e. to its aspect ratio. The resonance condition
( ε r (ω ) = − χε med ) is similar to that for spheres except that 2 is replaced by the factor χ. It is
clearly seen that the aspect ratio strongly influences the plasmon resonance of metallic
nanorods which splits into two peaks due to the unevenly distributed SPs around the spheroid
axis. The first peak originates in transverse mode and corresponds to the polarization
perpendicular to the long axis. The second band corresponds to the longitudinal mode with
the polarization parallel to the long axis. It is strongly red-shifted. As the aspect ratio of a
nanorod increases, the separation between two plasmon bands becomes more pronounced
(Figure 1-3).

Figure 1-3. Calculated absorption spectra of Au elongated spheroids (nanorods)
with varying aspect ratio, from ref.17.
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Dielectric constant. The dependence of the plasmon resonance frequency on dielectric

constant of the non-absorbing medium, which is related to its refractive index (n = (εm)1/2),
arises from the resonance condition (5). In the work of Kamat et al.18 the effect of solvent
refractive index on the SPE spectra of Au NPs capped with tetraoctylammonium bromide was
investigated. Table 1-1 taken from this work shows the position of SPE maximum of Au NPs
in solvents of various refractive indices. The position of SPE maximum was influenced by the
refractive index of medium in the case of solvents with no active functional groups with
affinity toward NPs (such as cyclohexane, toluene, o-xylene, chlorobenzene, and
o-dichlorobenzene). In these solvents, the SPE maximum gradually shifts toward longer

wavelengths with increasing refractive index of the solvent. In contrast, no shift of SPE
maxima was observed for polar solvents such as THF, DMF, DMSO, and acetone. It was
assigned to a complexation of these polar solvents with the Au NP surface which may
override the effects of refractive index since it substantially alters the electron density of the
Au NP.

Solvent
acetone
tetrahydrofuran
cyclohexane
DMF
DMSO
toluene
o-xylene
chlorobenzene
o-dichlorobenzene

refractive index (n)
1.3590
1.4070
1.4266
1.4310
1.4758
1.4961
1.5016
1.5240
1.5509

λmax [nm]
521
521
526
522
521
530
532
533
535

Table 1-1. The position of SPE maximum of Au NPs in solvents of
varying refractive indices, from ref.18.

Interparticle coupling. Mie theory only applies to non-interacting well separated NPs.

However, new interesting optical properties were observed for assemblies of interacting
particles. Recent progress has been made in fabrication of ordered arrays of interacting
NPs19-21, and in the calculation of SPE spectra of these assemblies22, 23. In such cases, each NP
with a diameter much smaller than the wavelength of exciting light acts as an electric dipole.
Two types of electromagnetic interaction between the NPs were considered in the literature6,
depending on the spacing d between adjacent NPs: (i) near-field coupling with a distance
dependence of d-3 and (ii) far-field dipolar interactions with the d-1 distance dependence. Farfield dipolar interactions dominate at interparticle spacing of the order of the wavelength (λ)
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of the exciting light, while near-field dipolar interactions dominate for the spacing much
smaller than λ. Electromagnetic coupling
plays a key role in the plasmonic properties

optical responses by many orders of
magnitude. For example, many of the early
SERS observations were performed on

Extinction

of NP assemblies, and can enhance their

fractal nanoparticle aggregates containing
“hot spots” which were found to produce a
great enhancement of Raman scattering
signal24, 25. Experimental and calculated SPE
spectra of fractal aggregates from ref.26 are

Wavelength [nm]
Figure 1-4. Experimental and calculated SPE spectra
for fractal aggregates containing 500 and 10000 NPs.

shown in Figure 1-4.

1.1.1. Synthesis and fabrication of plasmonic nanostructures
Nanostructures are typically formed using either lithographic techniques20 or solutionphase synthesis. Lithography is used for fabrication of reproducible substrates with tunable
optical properties for SERS studies and plasmon-enhanced fluorescence27. Solution phase
synthesis is a versatile approach to the preparation of metal NPs that allows to control their
size, shape, composition and structure (e.g. solid or shell-like). This approach generally
involves the reduction of metal salts (Ag NO3, HAuCl4.3H2O) with chemical reductants such
as citrate28, hydride29 (NaBH4), alcohols30, hydroxylamine31 or hydrazine32. The reduction can
be also carried out electrochemically33,

34

, photochemically35,

36

or sonochemically37,

38

.

Addition of an appropriate stabilizer to the solution of metal salt in the course of the reduction
allows to control the NP growth and to suppress the aggregation of NPs. The stabilizer39, 40 –
commonly ligands, surfactants, ions, organic acids, or polymers having an affinity to the
metal surface – adsorbs or coordinates to the nanoparticle surface and inhibits the aggregation
by Coulombic repulsion and/or steric hindrance. The specific choice of the reductant,
stabilizer, temperature of the reaction mixture, and concentration of the reagents can affect the
size and shape of the resulting NPs. Solution-phase synthesis mostly yield approximately
spherical NPs since the spherical shape posses the lowest surface energy. In fact, these
particles have crystallographic facets and their real shapes are higher polyhedrons such as
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icosahedrons or dodecahedrons. In this work they will be referred to as spherical particles for
simplicity.
Well established method of synthesis of Au NPs is a reduction of HAuCl4 with sodium
citrate in an aqueous environment, which was introduced by Turkevitch28 in 1951. The citrate
ions act as both a reducing agent and an electrostatic stabilizer. Citrate salts can be also
employed for the preparation of Ag NPs.
Another widely adopted solution-phase synthesis of Au NPs is a Brust-Schiffrin
method41, published in 1994. This method has had a considerable impact on nanotechnology
in the last decade, because it allowed the facile synthesis of stable Au NPs with controlled
size (diameter ranging between 1.5 and 5.2 nm). Indeed, these Au NPs can be repeatedly
isolated and redissolved in common organic solvents without irreversible aggregation, and
they can be easily handled and functionalized by many molecular compounds. This method is
based on a two-phase reaction system (containing an aqueous and organic phase) with
tetraoctylammonium bromide as a phase-transfer agent. Phase-transferred Au ions are reduced
with NaBH4 in the presence of alkanethiols or other ligands such as amines and phosphines to
stabilize and control the nanoparticle size. Recently published single-phase adaptations of the
Brust method have eliminated the need of the phase-transfer agent42.
Well-defined NPs can be fabricated by seed-mediated growth techniques37,

43, 44

. In

seed-mediated syntheses the „seeds“, playing the role of the nucleating agent, are added into a
metal salt solution. The metal salt is reduced directly on the surface of the seeds with a
minimal concurrent nucleation in the solution. The size, morphology, and aspect ratio of the
resulted metal NPs are controlled by the composition and concentration of the seeds, metal
salts, reducing agents and by various additives (e.g., cetyl-trimethylammonium bromide)
which are present in the solution31, 45.
Another versatile method of the metal nanoparticle preparation is a laser ablation of a
metal target in liquid ambient which was firstly introduced by Henglein et al.46 in 1993. The
intensive laser irradiation induced a size reduction of growing NPs simultaneously with the
process of laser ablation47. Recently, the interaction of pulsed laser light with chemically
prepared metal NPs has become a subject of focused research interest48-54. The intense laser
light can induce size reduction48-51,
(reshaping) of NPs52,

53, 57, 58

55

, size enlargement52,

56

, and morphological changes

. The parameters of the laser pulses, including laser pulse

duration, wavelength, energy per pulse and beam focusation, as well as the chemical
parameters such as the presence of chemical species in the liquid medium59, 60 in course of the
laser radiation influence the size and morphology of the resulting NPs. A detailed analysis of
8
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the laser-induced shape transformation and size reduction of Au NPs has been carried
out51, 53, 61. The changes in NP shape and size were considered to occur through melting and
vaporization of Au NPs upon laser pulse impact. The estimated temperature of Au NPs after a
nanosecond single-shot impact exceeds the boiling point of gold and suggests that the sizereduction is a photothermal process48. Another mechanism of laser-induced size reduction
suggested by Kamat et al.49 is based on a Coulomb explosion induced by an electron ejection
from particles upon illumination. The repulsion between the charges then leads to their
fragmentation. In previous studies of Link et al.53, 57, 61 a laser-induced transformation of Au
nanorods into spherical particles in a colloidal solution was investigated using both
femtosecond (fs) and nanosecond (ns) laser pulses of 800 nm wavelength at various pulse
energy. Since the laser light of the used wavelength selectively excites the SP longitudinal
mode in Au nanorods, the nanoparticles undergo structural changes. At low pulse energies,
melting of Au nanorods occurred instead of the fragmentation. However, the energy threshold
for melting induced by fs laser pulses was on the order of 100 times lower when compared
with ns pulses. It can be explained by the huge difference in the peak power delivered by fs
and ns pulses and by the fact that, in the case of fs laser pulses, the absorption of photons by
electrons, electron-phonon relaxation (heating of the lattice < 10 ps), melting (30 – 35 ps) and
phonon-phonon relaxation (cooling of the lattice > 100 ps) are well separated in the time
scale. On the other hand, phonon-phonon relaxation can effectively compete with the rate of
photon absorption within the nanosecond pulse duration. Thus, laser-induced melting was
more efficient in inducing a complete shape transformation of Au nanorods with femtosecond
laser pulses (100 fs) than with the longer nanosecond pulses (7 ns) at the same pulse energy.
At high fs pulse energies, nanoparticle fragmentation took place through multiphoton
ionization of the Au nanorods (the repulsion of the accumulated positive charges on the
particles leads to the fragmentation shortly after or even during the laser pulse). Au nanorods
were fragmented by ns laser pulses of high energy because of the absorption of additional
photons by the hot lattice.
Laser ablation and nanoparticle fragmentation appear to be a promising tool for
obtaining NPs of desired size distribution which provide the largest LSPR in their functional
assemblies, e.g. dimers can be prepared by this method. One of the fields of plasmonics which
could immediately benefit from these targeted preparations is SERS spectroscopy.

9
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1.1.2. Morphologies of metal NPs and their assemblies
Transmission electron microscopy (TEM) is the most common technique for observation
of morphology of metal NPs because of their high electron density. From the morphological
point of view, the following types of the NPs arrangement can be recognized in TEM images:
I.

non-interacting NPs – are isolated from each other due to the presence of stabilizer

molecules on NP surface.
II.

interacting NPs – are closely packed, and can form 1-, 2- or 3-dimensional space

arrangements. Regularly (hexagonally) packed NP array can be given as an
example of 2-D space arrangement of NPs.
One of the most important characteristics of objects such as metal colloidal
assemblies is their fractal (Hausdorff) dimension. Fractal dimension can be
determined from the TEM images using the mass-radius relation:
M (R) ≈ RD

(8)

where D is the fractal dimension and M is the mass of the object of size R. For the
determination of the fractal dimension of NPs assemblies from TEM images
(Figure 1-5) it is important that the collapse of the originally 3-D colloidal
aggregates into 2-D object on microscopic
grid does not affect the value of their
fractal dimension D assumed that D < 2 as
it was theoretically postulated and proved
experimentally25. According to the fractal
theory of aggregation, we can predict the
type of aggregation from the values of the
fractal dimension of aggregated colloids:
D = 1.75 and D = 2.08 were calculated for

a diffusion-limited and reaction-limited

Figure 1-5. TEM image of monomeraggregated
Au nanoparticle fractal
aggregate from ref.25.

cluster-cluster aggregation in 3-D space
without rearrangement, respectively, and the value 2.4 for a reaction-limited
cluster-cluster aggregation with a subsequent rearrangement. For the 2-D clustercluster aggregation the value D = 1.42 was obtained62.
III.

interpenetrating (intergrowing and/or sintered) NPs – are arranged in distance in

which the diffusion of metal atoms occurs. It may be caused by a disturbance of the
10
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stabilizing electrostatic double-layer on the NP surface, e.g. by addition of chloride
ions of a proper concentration63. Ag NP sintering, induced growth and
interpenetration induced by adsorption of small ions and its implications for the
formation of surface-adsorbate complexes as well as for large SERRS enhancement
of biologically important chromophoric molecules has been reported63, 64.

1.2. Polymer-nanoparticle composites
Polymer composites containing metal nanoparticles have gained increasing attention
for emerging applications as sensors, energy storage devices and in biomedical imaging as
well as catalysis in biotechnology and microelectronics65-67. Embedding inorganic NPs into
polymer matrices provides means for introducing a variety of properties to the polymer-based
materials, including the mechanical, thermal and electroactive properties68. Nanoparticle
“fillers” such as clay are known to bring significant improvement in thermal and mechanical
properties of polymer materials69. They exhibit improvements in tensile strength, modulus,
barrier to permeation of small molecules and fire retardation. In order to predict properties of
composites, the understanding how the chemistry and morphology of the polymer matrix
synergize with the surface chemistry, size and shape of a nanoscale filler is necessary68.
Another class of nanoparticle-polymer composites is based on magnetic particles such
as Fe, Co and iron oxide. Many composites have been investigated which combine different
polymers and magnetic nanoparticle colloids65. However, the preparation of materials
possessing high magnetic moments and susceptibilities comparable to inorganic materials
remains a challenge.
Carbon nanotubes can also be integrated into composites with polymers66. The utility
of carbon nanotubes in a wide range of applications relies on one or more of their unique
fundamental properties including a high aspect ratio, high mechanical strength, excellent
thermal conductivity, and the ability to conduct electrons as a semiconductor or a metal. The
lack of solubility poses a significant impediment to their exploitation in many potential
commercial applications. Therefore, the chemistry of carbon nanotubes has become an area of
intense research since chemical derivatization is the only way how to modify properties of
these materials.
The extensive range of unique size-dependent optoelectronic properties inherent to
noble metal NPs makes them very attractive candidates for the integration into composites
with π-conjugated polymers. In such nanocomposites (NCs), the interaction of delocalized

11
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π-electron states of polymer chain with LSPR is expected. It can be assumed that π−π*

absorption band of the polymer will be, at least to some extent, affected by an interaction with
plasmonic metal NPs and, at the same time, the optical properties of the metal NPs will be
affected by the presence of the conjugated polymer. It can be expected that the key role will
be played by the actual morphological characteristics of the NCs. Understanding and tuning
such effects, which have become a subject of debate recently, could lead to hybrid optical
devices with improved optical properties. Embedding metal NPs into host polymers provides
a means for introducing a variety of new properties to composite materials, including increase
in conductivity, fluorescence quenching, and catalytic activity. The possible use of such
nanocomposites of metal NPs and π-conjugated polymers in optoelectronic devices such as
solar cells, light emitting diodes, sensors, electronic memories, etc. is being explored
intensively.

1.2.1. π-conjugated polymers
π-conjugated polymers (CPs) have special electronic and optical properties due to the

delocalization of π-electrons. They are dubbed as conductive polymers or organic
semiconductors. The π-conjugated polymer consists of carbon atoms bound by alternating
single and double bonds, called conjugated double bonds. In polyacetylene, the simplest
conjugated polymer (CH)x, atomic orbitals of carbon atoms are sp2 – hybridized. Three
equivalent σ orbitals lie in plane at angles of 120° between each other. The fourth carbon
orbital is an unhybridized pz orbital perpendicular to the sp2 plane. Each carbon atom forms
two σ bonds with neighboring carbon atoms by head-on overlap of their sp2 orbitals, one
σ bond with hydrogen atom by overlap of its sp2 and hydrogen s orbitals and π bond by

sideways overlap of pz orbitals. The delocalization of π−electrons along the polymer chain
gives these polymers special properties. Although polyacetylene is a semiconductor, it can be
doped to become electrically conductive. The doping process, which results in an increase of
free charge concentration, involves oxidation (removal of electrons) or reduction (addition of
electrons) of a neutral polymer. There are two methods of doping a conductive polymer. The
first method is a chemical doping and involves exposure of polymer to an oxidant (p-doping,
i.e. iodine or bromine) or reductant (n-doping, less common, i.e. alkali metals such as Na).
The second method is an electrochemical doping in which a polymer-coated, working
electrode is suspended in an electrolyte solution in which the polymer is insoluble along with
separate counter and reference electrodes. The potential difference between the electrodes
12
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causes electron addition or electron removal from the polymer. The charged polymer is
compensated by the appropriate counter ions from the electrolyte.
In trans-polyacetylene charged solitons are formed when the polymer is doped by
acceptors or donors at low concentration. In trans-polyacetylene at higher polymer
concentration and in all other π-conjugated polymers, oxidative doping results in a formation
of positive polarons – cation radicals that induce an electronic polarization and spatial chain
deformation of surrounding polymer chain. From quantum mechanical point of view polarons
are quasiparticles that move along the chain together with their charge. Oxidation of the
polymer, mainly at higher dopant concentration, can lead to the formation of bipolarons dications that move as units along the chain. Polarons, bipolarons and solitons contribute to
the electrical conductivity in π-conjugated polymers. The fundamental information about
theory, synthesis, properties and characterization of π-conjugated polymers can be found e.g.
in the book of Skotheim and Reynolds70.
Beside a simple π−conjugated chain as in polyacetylenes, conductive polymers can
consist

of

aromatic

cycles

as

in

poly(p-phenylene)s,

poly(p-phenylenevinylene)s,

poly(fluorene)s, or heterocycles containing heteroatoms such as sulfur or nitrogen
(polypyrroles, polythiophenes). A special example is polyaniline in which the electrical
properties depend also on the protonation, additionally to its oxidation state.
Conductive polymers are currently used in a number of devices, such as electrodes in
batteries, field effect transistors (organic FET or OFET), and sensors. Recent studies of
photon emission by conductive polymers may lead to new technologies for polymer-based
flat-panel light emitting displays (OLEDs) and polymer solar cells. Conductive polymers also
show promises as molecular wires that can be incorporated into nanometre-size electronic
devices.

1.2.2. Preparation of nanocomposites of CPs and noble metal NPs
Several chemical approaches have been developed to prepare π-conjugated polymer
nanocomposites with noble metal NPs. Generally, these follow one of two routes: (i) a “onepot” approach where the metal salt is reduced with a common reductant such as NaBH4 in the
presence of the π-conjugated polymers, or the monomer or polymer acts directly as a
reductant for the metal salt, or (ii) a separate preparation of NPs followed by either chemical
polymerization of added monomers around the particles or dispersion of the NPs in a polymer
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matrix. Both approaches can be utilized effectively in the preparation of dispersed NPs in a
polymer matrix.
Nanocomposites of Au NPs and regioregular poly(3-hexylthiophene) were prepared
using “one-pot” approach by McCullough et al., who performed the reduction of HAuCl4 with
sodium borohydride in the presence of polythiophene71. Among the thiophene class of
compounds, terthiophene and 3,4-ethylenedioxythiophene (EDOT) can be used as a reductant
for gold salt. This approach has been utilized by Advincula to prepare sexithiophene linked
Au NPs. In his works a tetraalkylammonium functionalized terthiophene72 or terthiophenefunctionalized poly(4-vinylpyridine) (PVP3T)73 were used as reductants of HAuCl4 to Au
NPs. In the first case, the ammonium salt formed a polyelectrolyte complex with polystyrene
sulfonate, and subsequent addition of the HAuCl4 resulted in a formation of Au NPs72. In the
case of PVP3T, Au NPs were prepared within hydrogen-bonded multilayer thin films of
PVP3T and poly(acrylic acid). Similarly, Li et al. prepared composite materials using
3,4-ethylenedioxythiophene (EDOT) as a reductant of Au salt in THF solutions with
alkylamines as stabilizers74, 75. The Au NPs in the resulting PEDOT/Au NPs composite was
found to self-assemble via π−π interactions giving spherical aggregates. In order to obtain
aqueous dispersion of PEDOT/Au NPs composite, polystyrene sulfonate was used as a dopant
for PEDOT and nanoparticle stabilizer76. Au, Pd and Pt NPs of narrow size distributions were
prepared via reduction of the metal ions by a π-conjugated poly(dithiafulvene), facilitated by
its strong electron-donating properties77,

78

. Photopolymerization was also used for the

nanocomposite preparation. Breimer et al. prepared films of polypyrrole with metal NPs by
photopolymerization (UV-Vis lamp set at 254 nm) of pyrrole solution in the presence of
copper, siver and gold salts79. The exposure of mixture of 10,12-pentacosadiynoic acid and
AgNO3 to UV irradiation of high-pressure mercury lamp caused the photopolymerization of
the diacetylene and photoreduction of silver ions80. The Au NPs formation by reduction of
HAuCl4 in aqueous solution of amphiphilic dendrimer molecules with oligo(p-phenylene)
core under laboratory ambient white light was described by Chang et al.81. The disadvantage
of this approach is the consumption of the π−conjugated oligomers due to their
photodegradation.
The second chemical route to π-conjugated/nanoparticle composites is based on the
synthesis of NPs in the first step, followed by either a chemical polymerization of monomer
units around these NPs, or dispersion of NPs in a separately prepared polymer solution. For
example Oliveira82, 83 and Zhang84 synthesized composites of metal NPs and CPs by chemical
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polymerization of monomers on Ag NP surface. The synthesis of dodecanethiol-capped silver
NPs/polyaniline nanocomposite was based on a two-phase polymerization route, in which
aniline was dissolved in a Ag NP organosol in toluene and then mixed with an aqueous
solution of ammonium persulfate82. The polymerization took place at the water/toluene
interface where the Ag NPs were incorporated, too. As a result, a layer of polyaniline matrix
was obtained with the homogeneously dispersed Ag NPs. In another work they showed that
different structures of the nanocomposites can be obtained, such as a thin shell of polyaniline
around the Ag NPs or a polymer matrix with embedded NPs83. Polythiophene coated Au NPs
were prepared in two-step process by Zhang et al.84. First, 3-(10-mercaptodecyl)thiophene
stabilized Au NPs were formed by modified Brust΄s method, followed by a polymerization of
thiophene, catalysed by anhydrous ferric chloride.
Feldheim et al. used pre-prepared NPs in his elegant template synthesis of onedimensional poly(pyrrole)/Au NP arrays85. In this method Au NPs are trapped into pores of
Al2O3 membrane and aligned along the direction of the pore axis. Then the membrane is
exposed to pyrrole vapor in one side and to solution of Fe(ClO4)3 on the opposite side.
Iron(III) salts are known to oxidatively polymerize pyrrole to form polymers doped with the
corresponding anion. Finally, the Al2O3 membrane is dissolved with aqueous solution of KOH
to yield a suspension of 1D colloid/polypyrrole composite structures. This method was also
used for the preparation of thioacetyl functionalized phenylacetylene-bridged Au and Ag NP
dimers and trimers86, 87.
The preparation of nanocomposites by dispersing pre-prepared metal NPs in a polymer
matrix is not a trivial task. In particular, blending of NPs with most polymers is hindered by
the phase separation that results in particles clustering or aggregation within the polymer
matrix. To avoid this problematic issue, an appropriate NP surface modification has to be
introduced40. Surface modification with organic and polymer ligands brings the desired
stability of the NPs dispersion. A ligand exchange approach is mostly used that typically
begins with well-developed strategies for the preparation of NPs of controlled size, shape, and
surface functionality using small-molecule ligands. These ligands are then exchanged for the
polymer (typically end-capped or side-groups functionalized polymers are used, as with thiolgroups) during mixing the stabilized NPs with the polymer. The amount of added polymer
depends on the affinity of small-molecule ligands and of the polymer to the nanoparticle
surface. As the molecular weight of the incoming ligand (polymer) increases, it is likely that
steric effects slow down the rate of ligand exchange40. Studies with small-molecule ligands
have shown that the rate of the exchange reaction is also slowed down as the length of the
15
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ligand molecule and the thickness of the ligand shell increases88. So, once a polymer ligand
shell is in place, the nanoparticle stability is likely to be increased (and surface accessibility
decreased). For example, Herrikhuyzen et al. obtained the assembly of oligo(p-phenylene
vinylene), (OPV), capped Au NPs by ligand exchange method89, in which the original
tetraoctylammonium bromide stabilizer was replaced by strongly attached OPV derivatized
with disulfide moieties.
Electrochemical synthesis is a well-established technique for the preparation of
π-conjugated polymer films of polypyrrole, polyaniline or polythiophene. Resulting polymers

are usually doped with incorporated electrolyte anions and can be neutralized afterwards by
reversing the electrochemical potential. Similarly, the electropolymerization also provides
equally efficient technique for incorporating insoluble metal NPs into the growing polymer
films, giving birth to a number of composite materials. Depending on the metal, the desired
metal NP size and the type of polymer, different techniques have been developed.
The simplest electrochemical process of obtaining composites of a conjugated polymer
and metal NPs is based on the electrochemical reduction of metal ions in an
electropolymerized polymer immersed in a proper electrolyte system. The electrochemical
reduction yields metal NPs embedded in the polymer matrix. Kost et al.90 prepared
polyaniline films containing Pt particles: in the first step, polyaniline was deposited on a
supporting electrode by the electrochemical oxidative polymerization of aniline in the
presence of sulfuric acid. Then the polymer coated electrode, in which the polymer is in the
conductive protonated form, was immersed into a solution containing PtCl62- ions. The
penetration of the hexachloroplatinate into the polymer was feasible due to its fibrillar
structure. Electrochemical reduction of the salt yielded Pt particles or clusters embedded in
the polyaniline matrix. The main disadvantage of this procedure is an inhomogeneous
distribution of NPs in the polymer matrix. NPs generally form clusters larger than 100 nm.
Au NPs functionalized with 2-mercapto-3-n-octylthiophene were synthesized and then
electrochemically

co-polymerized

with

the

3-octylthiophene

leading

to

polyoctylthiophene/Au NP composite films91. The NP stabilizer was incorporated into the
growing polymer chain, yielding a random copolymer with randomly distributed Au NPs in
the polymer matrix.
In order to obtain homogenously distributed Au NPs in a polythiophene matrix, Au
NPs were bridged with oligothiophene linkers by electrodeposition92. At first, Au NPs were
capped with oligothiophenes via phosphine groups. Electrochemical oxidation of
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oligothiophenes bound to Au NPs results in the deposition of thin films consisting of isolated
Au NPs linked by oligothiophene moieties.
Interesting behaviour was observed in the case of layers of polyaniline deposited on
gold electrodes in the presence of chloride ions. The chloroaurate anion was generated at the
Au electrode surface. In addition, chloroaurate anion formed a complex with polyaniline at
the nitrogen linkages. Then, the chloroaurate complex was reduced to form metallic Au
clusters in the polyaniline film93.

1.2.3. Morphology and optical properties of CPs nanocomposites with noble
metal NPs
The effect of the interaction between excited state of CP and SPs excitations in metal
NPs was studied in model systems where NPs were linked by short π-conjugated
linkers89,

94-97

. Table 1-2 shows various linker molecules used by Wessels et al. for his

investigation of optical properties of films of Au NPs interlinked by these molecules. It was
found that SPE maxima of such films are red-shifted compared to those of films of Au-NPs
interlinked by non-conjugated molecules of the same length. The most pronounced changes
were observed for the bis-dithiocarbamate interlinked Au-NP assemblies. In this case of
π-conjugated linker (PBDT), the SPE band which had been observed at 589 and 573 nm for

BDMT and DMAAB (for chemical structures see Table 1-2), respectively, disappeared and
only a strong metallic absorption was observed in the near-IR. Non-conjugated linker
(cHBDT) also exhibited an increase of absorbance in the near-IR, however SPE band still
occurred with the maximum at 626 nm. The metallic absorption for the NP assemblies with
π-conjugated linker was explained by an overlap of the molecular orbitals of the linkers and

metal electron wave functions causing the formation of a resonant state that affects the
absorption of the film.
Kim et al.95 investigated the adsorption characteristics of 1,4-phenylene diisocyanide
on Au NPs. Addition of a small amount of conjugated molecules into the Au sol caused a
substantial decrease of SPE band at 520 nm and, simultaneously, a new band around 700 nm
was observed with increasing linker concentration, assigned to the formation of highly
aggregated structures. This result confirmed the interaction between Au NPs and conjugated
linker molecule via lone-pair electrons of isocyanide groups. At low adsorbate concentrations,
small-sized aggregates and isolated particles were observed because of the effect of the
repulsive barrier between Au NPs covered by citrate ions. Upon the increasing adsorbate
concentration, large aggregates were formed since the repulsive barrier had been broken by a
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strong adsorption of 1,4-phenylene diisocyanide on the Au NP surface. Novak and Feldheim87
used rigid thiol-functionalized oligophenylacetylenes of different length as linkers for Ag and
Au NPs to form dimers and trimers. The observed changes in SPE spectrum of Ag NPs were
attributed to the bridging of nanoparticles by linker molecules.

Table 1-2. Overview of linker molecules used in ref.94.

Among the papers which report the investigation of the role of oligomers on the
optical properties of metal NPs the study of Zotti et al.97 should be mentioned. In this work
the interaction between Au NPs and several thiophene and pyrrole oligomers was
investigated. The main outcome of this study was that polyconjugated heterocyclic oligomers
can aggregate Au NPs. The aggregation kinetics of Au NPs was dependent on the oligomer
type and concentration. Some interesting results have been found: (i) the critical
concentration, at which the aggregation occurs, decreases as the oligomer length increases
(longer oligomers provide multiple coordination sites), (ii) a higher polarity of the
heteroaromatic molecule and the presence of additional coordinating atoms favour adsorption
to gold, (iii) the hindrance of aggregation is provided by alkyl substitution of the oligomer.
Depending on the oligomer type used for aggregation of Au NPs, various types of structures
were observed, changing from spherical aggregates with the size around 300 nm to irregular
dendritic superstructures. Self-assemblies of Au NPs functionalized by oligo(p-phenylene
vinylene) (OPV) into fractal-like aggregates were also observed by Herrikhuyzen et al89. The
originally isolated OPV-functionalised Au NPs were transferred into 1-butanol in which
organization of particles into spherical aggregates occurred. The formation of these structures
was reversible and took place below 80 ˚C, above this temperature the organized structures
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disappeared. SPE spectra confirmed the occurrence of these structures. The aggregation was
found to be dependent on the nature of the used solvent, the OPV-Au concentration and
nanoparticle size. On the other hand, the various organization of nanoparticles could be also
assigned to the morphological changes of the oligomer on Au NPs which could act as
nucleation centres for a possible crystallization of the oligomer.
The optical properties of the above listed composites confirmed the mutual interaction
between π−electrons and SPs of metal NPs. In the UV-Vis spectra of composites with CPs,
the changes in π−π* absorption band of the polymer, which mostly dominates in the spectrum
of nanocomposite, are connected with its interaction with LSPR of NPs and vice versa. For
example, a red shift of SPE band of Au NPs embedded in oxidized π-conjugated
poly(dithiafulvane) was ascribed to a decrease of the work function of Au NPs, which lowers
the energy of the surface resonance state78.
Moreover, the energy of the π−π* absorption band can be used for an estimation of the
effective conjugation length of the polymer: red-shifts in the π−π* absorption band indicate an
increase in the conjugation length. Red shift of the absorption band of diacetylene monomers
indicated the polymerization of diacetylenes which occurred under UV irradiation.
Simultaneously, Ag ions present in the solution of monomer were photoreduced. As a result
Ag coated polydiacetylene composite particles are formed98.
The spectral blue shift mostly indicates the degradation of the CPs99. Low stability
against degradation is a common problem associated with CPs which limits the performance
in devices such as light emitting diodes. The blue shift of the bipolaron absorption band (from
826 to 780 nm) and that of the polaron band (from 420 to 383 nm) were observed after
ultrasonic

treatment

of

spherical

Au

aggregates

embedded

in

poly(3,4-ethylenedioxythiophene) by Li et al100. This was assigned to the decrease of the
antiparallel dipole interaction between the conjugated backbones of PEDOT molecules in
adjacent Au NPs.

1.2.4. Electronic properties of CPs nanocomposites with noble metal NPs
Research in electronic properties of nanocomposites is a rapidly emerging field of
great fundamental and practical interest owing to their potential to serve as buildings blocks in
nanoelectronic devices. The charge transport phenomena between individual particles92,
monolayers101-103, multilayers104 as well as in two- and three-dimensional structures92, 94 have
been investigated. Generally, it was found that the electrical conductivity of nanocomposites
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depends on nanoparticle size and aspect ratio, homogeneity of NPs spatial distribution and on
the mean interparticle distance.
When the particles are linked by nonconjugated linkers, electron tunneling is the
predominant mechanism for the electrical conduction. Murray et al.105 used an Arrhenius-type
activated tunneling model to describe the electron transport through a three-dimensional
network of Au NPs covered with a monolayer of various organic materials as arene- as well
as alkanethiolate molecules. The electrical conductivity (σ) depends on the electronic
coupling term (β) and the energy barrier (EA) to the electron transfer:

σ = σ0 exp[-βδ] exp[-EA/kBT]

(9)

where δ is the average interparticle distance, kB is Boltzmann constant, T is the temperature
and σ0 includes the charge carrier concentration and mobility of the charge carriers in
conjugated linkers. Thus, the electrical conductivity decreases as the length of the linker
increases due to electronic coupling term. Therefore, it is interesting to prepare systems with
fixed interparticle distance and varying β and EA.
In order to vary activation energy for electron transfer between NPs many different
ligand molecules have been used. Torma et al.106 used linkers covalently or non-covalently
bound to Au NPs. In the case of noncovalently linked Au NPs a linear relation between NPs
distances and activation energy indicates that only the distance between the nanoparticles
determines the energy of the hopping processes. This can be explained by the fact that there is
no direct electronic interaction between the Au NPs and the stabilizing ligand molecules. On
the other hand, the activation energies are characteristically lower and do not depend linearly
on the NP spacing for covalently bound linkers. This suggests an electron-transport
mechanism, where bonding and/or antibonding molecular orbitals of the ligand are involved
in the conductivity process. Similar results were obtained by Bourgoin et al.102 for monolayers
of Au NPs prepared by Langmuir-Blodgett technique. The electrical conductivity of a
monolayer of dodecanethiol-capped Au NPs is compared with that obtained after the
subsequent

interconnection

of

NPs

by

a

displacement

of

the

dodecathiol

by

2,5′′’-bis(acetylthio)-5,2′,5′,2′′-terthienyl. Electrical measurements showed a three orders of
magnitude increase of the conductivity and a decrease of activation energy upon the
displacement. These studies suggest that it would be of significant interest to link NPs using

20

Introduction
fully conjugated molecules in three dimensions, thus improving the interparticle charge
transfer.
Recent efforts were focused on three-dimensional structures in which NPs are linked
by molecules possessing an extended π-conjugated electron system or by π-conjugated
polymers. It is assumed that a π-conjugated linker serves as a “molecular wire” that enhances
the electronic coupling between adjacent particles. In the paper by Sih et al.92, the electrical
conductivity of dry films of Au NPs capped with terthiophenes moieties containing phosphine
groups were compared with those obtained by electrochemical oxidation of these particles. It
was found that unlinked terthiophene-capped Au NPs have the conductivity three orders of
magnitude lower compared to the linked particles. The substantial increase in the electrical
conductivity was assigned to a better charge propagation through the conjugated bridge.
Wessels et al.94 showed that the replacement of the benzene ring in conjugated linkers
with the cyclohexane ring (Table 1-2) led to a one order of magnitude decrease in
conductivity. The authors suggested that the electron transport is a partially nonresonant
tunneling process along the parts of a molecule with saturated electron system and partially
resonant tunneling through the π-conjugated parts of a molecule. In other words, the
molecules can be viewed as consisting of two electrically insulating (the nonconjugated) parts
in series with conductive (the conjugated) parts. Interestingly, the conductivity increased with
decreasing temperature for the films of conjugated bis-dithiocarbamate (PBDT) interlinked
Au NPs. This was in agreement with the optical properties of this film showing the metallic
behavior and indicated the high degree of conjugation of PBDT and good Au-NP/PBDT
contact with overlapping adjacent NP electronic wavefunctions.
The conductivities of composites consisting of Au NPs and π-conjugated polymers
such as polythiophene71, polyaniline107 or polypyrrole79 were measured and the values were
more than two orders of magnitude higher than the conductivities of the films of pure
polymer. For example, the electrical conductivity of the Au nanoparticle–polyaniline
composite107,

108

was found to be 0.3 S cm-1 upon incorporation of Au NPs (Au content:

0.04 vol %) whereas that of neat polyaniline was 2.4 x 10-3 S cm-1. Nevertheless, there has
been no study published yet concerning percolation behavior of the conductivity in the
presence of Au NPs. The conductivity mechanism has not been elucidated as well.
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1.2.5. Photophysical processes on metal NP surface
LSPRs of metal NPs are able to markedly enhance Raman scattering and locally
influence fluorescence of surrounding molecules. These techniques provide specific
information about molecules adsorbed on metal surface. Raman spectroscopy, for example, is
able to probe molecular vibrations, but the method usually suffers from relatively weak signal
intensity. The number of inelastically scattered photons is extremely small (about 1 in 107 of
the incident photons). Plasmonic NPs provide a general method for enhancing Raman signals
to levels that can make many analytical applications possible. The chapters below are focused
on the background of these phenomena, that are also demonstrated on several examples of
composites of CPs with metal NPs emerging from recent research.

1.2.5.1.

Surface-enhanced Raman scattering

The discovery of surface-enhanced Raman scattering (SERS)24, 109, 110 showed that it
was possible to enhance the intensity of Raman scattering by a roughened noble metal surface
on which the analyte molecules are located. The ability to enhance the Raman signal via
SERS is fundamentally connected with the morphology of the nanostructured surface as well
as with the choice of the metal. The materials used for SERS are mainly, but not exclusively,
Ag, Au, Pt and Cu. New methods to create nanostructured metals are constantly evolving, and
SERS targeted research follows the trendswork of increased sensitivity to the levels required
for advanced sensing applications6. Recently, the interest moved to novel microscopic
techniques such as Raman confocal and near-field microscopies and to the ability to detect
and characterize a single molecule. Signal enhancements up to 1014 over normal Raman
scattering have been observed in these special cases. The extraordinary high enhancement is
connected with “hot spots”, i.e. nanoscale localized strong optical fields, and only molecules
adsorbed in these “hot spots” are able to produce Raman signal high enough to make
detection of a single molecule possible111-114.
Briefly, the intensity IRS of Raman scattering (RS) is proportional to the square of the
r
dipole moment µ light-induced in the molecule, which is given as the product of the
r
t
molecular polarizibility tensor α and the electric field intensity E :
r2
IRS ≈ µ ,
r

tr

µ = αE .

(10)

(11)
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r
t
Hence, there are two possibilities how the RS can be enhanced: either an increase of α or E .

Also the combination of both enhancements is possible. Accordingly, SERS enhancement can
be explained by two mechanisms: the electromagnetic (EM) and the molecular resonance
mechanism.

1.2.5.1.1. Electromagnetic mechanism of SERS
The EM mechanism of SERS is the principal mechanism of SERS that operates
independently on the nature of the studied molecule24, 115-117. It is based on the enhancement
effect achieved through resonance Mie scattering. The theory of the electromagnetic
enhancement of RS of molecules adsorbed on spherical metal NPs predicts that strong
enhancement will be achieved when: (i) the particle size is much smaller than the wavelength
of the incident radiation, (ii) the frequency of exciting and/or scattered radiation is close to
LSP resonance of metal NPs, and (iii) the molecule is in a close distance to the nanoparticle
surface.
The extreme enhancement of SERS stems from the fact that the optical wave is
enhanced twice. The incident as well as Raman scattered radiation is enhanced by excitation
of dipolar surface plasmon and by the resulting dipole emission i.e. by the resonance Mie
scattering. SERS enhancement factor (GEM) can be expressed as:

GEM

 ε (λ0 ) − ε med
I
= SERS = k 
I RS
 ε (λ0 ) + 2ε med





2

 ε (λs ) − ε med

 ε (λs ) + 2ε med

2


 ,


(12)

where k is empirical constant, ε(λ0) and ε(λs) are complex permittivity for the metal at
the wavelength of incident and scattered radiation (by a Stokes process), respectively, and
εmed is relative permittivity of the local medium. The EM mechanism enhancement can range
between 4 and 11 orders of magnitude, in dependence on the morphology of the metal
nanostructure, localization of a molecule within the assemblies, the excitation wavelength and
light polarization selected for the SERS experiment.
The choice of metal substrate is determined by its LSPR frequency. Visible and nearinfrared radiation (NIR) is used in SERS spectroscopy. Silver and gold are typical metals for
SERS experiments because their LSPR frequency falls within these wavelength ranges,
providing maximal enhancement for visible and NIR light.
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1.2.5.1.2. Mechanisms of molecular resonance
Molecular resonances contribute to the overall enhancement of Raman scattering provided
that their resonance condition is fulfilled simultaneously with the EM resonance. Molecular
resonance is similar to that in the resonance Raman spectroscopy. This technique modifies the
basic Raman experiment by using incident radiation that nearly coincides with the frequency
of an electronic transition within the molecule.
Two types of molecular resonance contributions in SERS are considered in the literature.
(i)

SERRS: A molecule itself is a chromophore with respect to the excitation
wavelength used in the SERS experiment. The molecular resonance contribution
has to be evaluated for the actual adsorbed species118, 119.

(ii)

Chemical mechanism: A molecule itself is non-chromophoric with respect to the
excitation wavelength, but forms a chromophoric surface complex. The exciting
radiation is in resonance with a charge-transfer transition of a newly formed
surface-adsorbate complex120, 121.

1.2.5.1.3. SERS of π-conjugated polymers
The use of SERS spectroscopy to characterize conducting polymers has attracted
increasing interest during the last ten years and many papers have been published
recently122-126. SERS spectroscopy has appeared to be an efficient tool for the study of
polymer films, since it allows obtaining not only a selective insight into the polymeric
structure but also information concerning the orientation and binding of the conjugated chains
on the metal surface. Moreover, it suppresses a strong fluorescence emitted by many
π-conjugated polymers.
For example, SERS spectra of polythiophene (PT) and its derivatives recorded on
roughened Ag, Au, Pt and Cu electrodes as well as in Ag colloid allowed the vibrational
analysis of PTs123, 126. The vibrational modes are different for the polymer in the neutral and
doped forms, thus providing a way for evaluating the oxidation level of PT films. SERS
spectroscopy also provided a detailed molecular structure analysis of PT films during the
doping-dedoping process124.
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Figure 1-6. Chemical structure of P2EPH.

. The SERS spectra of P2EPH

measured on Ag electrode, in Ag pellet and in Ag sol were similar, regardless of which form
of silver was used. Furthermore, it was demonstrated that the enhancement mechanism is
essentially electromagnetic and the vibrational modes are not affected by the metal surface.
The frequencies of some vibrational modes assigned to polyacetylenic chain vibrations
showed a dependence on the energy of the exciting radiation; this phenomenon which was
firstly described for polyacetylenes is known as Raman dispersion128. However, the observed
dependence of the position of these bands on the excitation wavelength is much smaller than
that reported for polyacetylenes, which probably indicates a limited range of the
delocalization of π-electrons in P2EPH.

1.2.5.2.

Fluorescence

In the vicinity of a metal surface, both the radiative processes and/or non-radiative
deactivation pathways of the excited chromophore molecule change due to the interaction
with LSPR of metal NPs. The chromophore emission intensity depends on the distance
between the metal nanoparticle and the chromophore6,

129

, mutual orientation of molecular

orbitals and surface plasmon associated dipoles, and wavelengths of the SP resonance and
excitation and emission maxima of the chromophore. At a very close distance, less than
several nm, the chromophore experiences significant non-radiative decay and, consequently,
the emission is strongly quenched. At intermediate distances, around 5 nm for silver, the nonradiative decay process subsides and the enhancement effect begins to dominate. A variety of
effects such as increased fluorescence intensities, increased photostability, and increased
range of fluorescence resonance energy transfer (FRET) was observed due to the presence of
metal NPs130-134.

1.2.5.2.1. Surface-enhanced fluorescence
Fluorescence enhancement arises from the enhanced chromophore absorption through
Mie resonance scattering. The effect of fluorescence enhancement has been intensively
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studied129, 131, 132 and the enhancement factor was found to reach values in the order of 10,
depending on the quantum yield of the fluorescence of the chromophore118 and its distance
from the metal surface. The fluorescence of a chromophore in the vicinity of a nanostructured
metal can be described by the following relationships

Qm =

Γ + Γm
Γ + Γm + knr

(13)

τm =

1
Γ + Γm + knr

(14)

where Qm is the fluorescence quantum yield and τm is the chromophore lifetime modified by
the nanostructure, knr is the non-radiative rate, Γ is the radiative rate of the isolated
chromophore and Γm is the additional rate induced by the nanostructure129.
The combined use of plasmonic structures and fluorescence molecules bring new
abilities to the fluorescence techniques. These possibilities include: the ability to measure
distances between biomolecules, metallic structures that selectively enhance excitation or
emission at desired wavelengths without enhancing background emission, probes that provide
localized multiphoton excitation or emission with low-intensity wide-fields illumination or
ultrabright photostable probes for single-molecule detection and imaging132.

1.2.5.2.2. Fluorescence quenching
The close vicinity of a metal nanoparticle surface may alter the nonradiative
deactivation pathways of the excited state of the chromophore molecules. Chromophore
quenching occurs when the chromophore is located in close proximity to metallic surface
(typically < 5 nm). Both energy-transfer and electron-transfer135-138 processes are considered
to be the major deactivation pathways for excited chromophore on metal surface.
Fluorescence (Förster) resonance energy transfer (FRET) is a photo-physical process
through which an electronically excited donor molecule transfers its excitation energy
nonradiatively to an acceptor molecule. Energy conservation requires that the energy gaps
between the ground and the excited states of participating donor and acceptor molecules are
nearly the same. This in turn implies that the fluorescence emission spectrum of the donor
must overlap with the absorption spectrum of the acceptor. The rate of the energy transfer
(kDA) is given by:
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kDA = krad (RF/R)6

(15)

where krad is the donor radiative transition rate, R the center to center separation distance
between the donor and the acceptor and RF is the Förster radius, which is a function of the
oscillator strengths of the donor and acceptor molecules, their mutual energy resonance, and
summation of their dipole vectors.
A number of theoretical and experimental studies exist on the rate of non-radiative
energy transfer from a dye to both a flat metallic surface139 and a metal nanoparticle140-142.
The energy transfer in the hybrid composites or assemblies containing metal NPs depends
critically on the nanoparticle size and shape, the distance between the dye molecule and the
nanoparticle, the orientation of the molecular dipole with respect to the dye-nanoparticle axis,
and the overlap of the chromophore emission with the nanoparticle absorption143. Saini et
al.144 examined the distance dependence of resonance-energy transfer between a fluorescent
dye and a Au NP and between two NPs. They found that the rate of the resonance-energy
transfer followed a distance dependence of 1/dσ where exponent σ approaches 6 at large
distances (d >> R, R is nanoparticle radius) whereas at short distances (d < 20R) a value
varied from 3 to 4. The authors suggested that the difference may be understood in terms of
energy transfer on the NP. Furthermore, this energy transfer occurs at distances that are two
times longer than it is usual for the dipole-dipole energy transfer. Thus, the energy transfer
from a molecular excited state to the nanostructured metal surface plasmons shows a very
different distance trend142.
Photoinduced electron transfer. Au NPs have a unique ability to accomodate electrons
from multiple charge-transfer processes from attached organic molecules143. Their ability to
display quantized (single electron) charging has been demonstrated by Murray145. Control of
charging of Au NP thus becomes an important factor if one is interested in modulating the
interaction between the Au NP and a surface-bound chromophore. Such a photoinduced
electron-transfer process was observed only for small NPs with the diameter lower than 5 nm.
Electron transfer was experimentally confirmed between pyrene thiol chromophore
and Au NP suspended in THF solutions135, 136. The suppression of the intersystem crossing
and/or total quenching of the triplet excited state in pyrene as well as the formation of pyrene
cation in this system confirmed that the main deactivation channel of the singlet excited state
of pyrene linked to Au NPs is an electron transfer between the chromophore excited state and
the surface plasmon state of Au NPs. Interestingly, the charge separation was sustained for
several microsecond before undergoing recombination. The electron storage ability of Au NPs
27

Introduction
might improve the charge separation in light harvesting energy conversion systems. Au NPs
functionalized with two different thiols, one contained a chromophore (pyrene) and the other
a carboxylic acid (sulfanylpropionic acid) which served as a linker between Au NPs and TiO2
surface, were also reported138. The spectroelectrochemical experiments were performed on a
thin-layer of TiO2 with adsorbed Au NPs and pyrene chromophores in an electrochemical cell
and emission spectra were measured at various applied potentials. At a neutral or positive
potential of the electrode, the photoinduced charge transfer takes place upon the
photoexcitation of pyrene and the fluorescence is quenched. As the electrode is biased to
negative potentials, the electron transfer from excited pyrene molecules to Au NPs
experiences a barrier since they are negatively charged. Therefore, the charge transfer
between the chromophore and Au NPs is suppressed, and the light emission from the
photoexcited pyrene molecules occurs.
Fluorescence

quenching

observed for composites of CPs and
metal NPs was discussed in a few
papers but the mechanisms remain
unclear. Heeger and coworkers146
published the efficient fluorescence
quenching of cationic poly- and
oligofluorenes by citrate stabilized Au
NPs (Figure 1-7). Three factors were
taken into account for the discussion
of

this

efficient

Figure 1-7. Superquenching observed in ref.146 for
polyfluorene-Au NPs composite material. Cationic polymer is
adsorbed on the anionic Au NPs via electrostatic interaction.

quenching:

(i) electrostatic interaction between cationic oligomers and anionic Au NPs; (ii) the ability of
Au NPs to quench fluorescence via highly efficient, relatively long-range resonance energy
transfer, rather than electron transfer; and (iii) amplification of the quenching efficiency by
exciton transfer or electron transfer within the conjugated polymer. Unfortunately, the
morphology of nanoparticles, which could play the important role in fluorescence quenching,
in oligomer or polymer composites containing Au NPs is not discussed in the paper.
Wu et al.147 reported the preparation of the silica-coated fluorescent conjugated
polymer

(polyfluorene

and

polyphenylenevinylene

derivatives)

nanoparticles.

Functionalization of the nanoparticles shell with amine groups followed by the addition of Au
NPs (prepared by citrate reduction) resulted in the formation of nanoparticle assemblies.
Efficient fluorescence quenching of the encapsulated polymer nanoparticles by Au NPs was
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observed and it was assigned to the resonance energy transfer; since the electron transfer is
likely blocked by the silica shell in this case. Interestingly, in a reference system composed of
a mixture of the same polymer with Au NPs no fluorescence quenching was observed, except
of a small inner filter effect.
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2.

OBJECTIVES

• Testing the possibility of preparation of monodisperse nanoparticles using treatment by
high energy laser pulses. Understanding of the mechanism as well as optimalization of the
process of laser fragmentation of chemically prepared Au hydrosols. In particular, control
of the process by the parameters of the laser pulse radiation used for NP fragmentation:
laser pulse energy, its wavelength and characteristics of the parent hydrosols, namely, the
nanoparticle size will be explored.

• Development of preparative strategies for nanocomposites containing π-conjugated
polymers and noble metal nanoparticles. Refinement of the existing and development of
new methods of metal nanoparticle preparation will be pursued. Novel π-conjugated
polymers as well as common available π-conjugated polymers having both the functional
groups and molecular units enabling their anchoring to the metal nanoparticle surface will
be designed and tested.

• Fabrication of nanocomposites with well defined morphologies of metal nanoparticles
exhibiting the surface-enhanced optical phenomena, e.g. surface-enhanced Raman
scattering. A special attention will be focused on exploitation how the morphology of
metal nanostructures (nanoparticle sizes, shapes, aggregation, and mutual distances)
influences these phenomena.

• Investigation of the Raman scattering and luminescence in “hot spots” generated by the
exciting external optical fields in 3-dimensional arrays of metal nanostructures in polymer
nanocomposites.
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3.

EXPERIMENTAL

3.1. List of chemicals
NaBH4

sodium borohydride (Merck)

HAuCl4.3H2O

hydrogen tetrachloroaurate(III) trihydrate (Sigma-Aldrich)

AgNO3

silver nitrate (Merck)

(C8H17)4N+Br+

tetraoctylammonium bromide, TOAB, (Aldrich)
-

(C12H25)4N Br

tetradodecylammonium bromide, TDAB, (Fluka)

(C4H9)4N+ClO4-

tetrabutylammoniumperchlorate, TBAPC, (Fluka)

CH3OH

methanol (Lach:ner)

CH2Cl2

dichloromethane, DCM, (Lach:ner)

C7H9O

toluene (Aldrich, A. C. S. Reagents)

(CH3)2SO

dimethylsulfoxide, DMSO, (Sigma-Aldrich, A. C. S. spectrometric
grade)

H2O

deionized distilled water, specific resistance: 18 MΩcm (Elgastat
UHQII purification system (Elga, UK))

HNO3

nitric acid (Lach:ner)

H2SO4

sulfuric acid (Lach:ner)

HCl

hydrochlorid acid (Lach:ner)

H2O2

hydrogen peroxide (Lach:ner)

(C9H10N+I-)n

poly(N-ethyl-2-ethynylpyridinium iodide), PEEP-I (kindly provided by
Dr. Sedláček, Charles University in Prague)

(C12H18S)n

poly(3-octylthiophene-2,5-diyl), P3OT, regioregularity > 98.5 %
(Sigma-Aldrich)

(C18H28O2)n

poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene], MEHPPV (Sigma-Aldrich)

(a)

(b)

(c)

+ C2H5

N

_
I

n

Figure 3-1. Chemical structures of polymers used in the experiments described in respective chapters:
(a) poly(N-ethyl-2-ethynylpyridinium iodide), PEEP-I, Chapter 4.2., (b) poly(3-octylthiophene-2,5-diyl), P3OT,
Chapter 4.3., (c) poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene], MEH-PPV, Chapter 4.4.
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PEEP-I was synthesized by Dr. Sedláček (Charles University in Prague, Faculty of
Science,

Department

of

Physical

and

Macromolecular

Chemistry)

by

reacting

2-ethynylpyridine with iodoethane in bulk that lead to a formation of conjugated ionic
PEEP-I

through

a

spontaneous

N-ethyl-2-ethynylpyridinium iodide148,

149

polymerization
.

of

the

intermediate

Number-average molecular weight for PEEP-I

determined by SEC analysis (DMF, PMMA calibration) was Mn = 31 000.
P3OT and MEH-PPV were purchased from Sigma-Aldrich and used as received.
According to the liquid chromatography acquired on HP 1100 apparatus, using polystyrene
calibration standards, molar weights were determined as Mn = 18 700 g/mol and 63 800 g/mol
for P3OT and MEH-PPV, respectively.

Glassware
All glassware was cleaned by the mixture of sulphuric acid and hydrogen peroxide
dubbed “piranha” solution (3 parts of concentrated H2SO4 and 1 part of concentrated H2O2) in
order to remove residual organics. Then, it was washed with freshly prepared aqua regia
(three parts HCl, one part HNO3) to remove Au or with diluted HNO3 (1 part of concentrated
HNO3 and 1 part of H2O) to remove Ag contamination from previous experiments. It was
followed by extensive rinsing with distilled and, subsequently, with deionized water. In
Chapter 4.1., deionized redistilled water was used for rinsing to avoid residual ionic species.

3.2. Preparation procedures used for respective chapters
to Chapter 4.1.
Au nanoparticle hydrosols (Au1 – Au4) were received from Dr. Šlouf (Institute of
Macromolecular Chemistry ASCR, v.v.i.). Size-controlled preparation procedure described in
details in ref.31 and based on a modification of an earlier reported procedure28 was employed
to yield hydrosols with pre-calculated mean Au NPs sizes of 4.5 nm (Au1), 11.7 nm (Au2),
35.0 nm (Au3) and 105.8 nm (Au4), respectively. Briefly, the hydrosols were prepared by
reduction of HAuCl4 by hydroxylamine hydrochloride in the presence of small Au NPs
previously prepared by reduction of HAuCl4 by NaBH4, acting as seeds. Since in the sizecontrolled preparation, the amounts of the reactants, and, consequently, the size of the
particles varied, the resulting concentrations of Au NPs were 6 x 1013, 1 x 1012, 3 x 1010 and
8 x 109 NPs/mL, for Au1 - Au4 hydrosols, respectively.
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to Chapter 4.2.
Ag nanoparticle hydrosol was prepared by reduction of AgNO3 with NaBH4 following
the procedures described in ref.29, 150. Briefly, 3.5 mg of NaBH4 was dissolved in 75 mL of
deionized water and cooled down to 2 ºC. After reaching this temperature, 9 mL of
2.2 x 10-3 M aqueous solution of AgNO3 (precooled to ~ 8 ºC) was dropwise added under
vigorous stirring. Stirring was continued for 45 min. The resulted colloid was bright yellow
with the maximum of SPE band at 396 nm.
The Ag/PEEP-I SERS-active systems of various Ag to polymer ratios were prepared by
adding a measured volume of PEEP-I stock solution in DMSO to 2 mL of the Ag hydrosol.
Several batches were prepared with the resulting PEEP-I concentrations in the nanocomposite
systems between 5 x 10-8 M and 1 x 10-4 M.

to Chapter 4.3.
Preparation of Au organosols in toluene. Au organosols were prepared by adopting
the procedure originally developed by Brust et al. for thiol-derivatised Au NPs dispersed in
toluene41. An aqueous solution of HAuCl4 (30 mM, 6 mL) was added to 16 mL of 50 mM
toluene solution of phase-transfer agent, tetraoctylammonium bromide (TOAB) or
tetradodecylammonium bromide (TDAB), to form a two-phase system which was then
vigorously stirred for 20 min in order to transfer metal ions into the organic phase. The
originally yellow aqueous phase became colourless and the initially colourless toluene phase
turned red as a result of the optical absorption of AuCl4- ions transferred into this phase. In the
next step, the aqueous phase was removed in a separatory funnel and a freshly prepared
solution of reducing agent (NaBH4) in deionized water (0.5 M, 2.5 mL) was slowly added to
the toluene phase containing AuCl4- ions. The mixture was stirred for two hours and, after
phase separation, the toluene phase was collected and three times washed with redistilled
deionized water to remove side products. The synthesis was performed at room temperature in
the case of using TOAB while elevated temperature (T ≈ 37 ºC) was used for the preparation
of organosol with TDAB because of its worse solubility at room temperature.
Preparation of Ag organosols in toluene. First, the same procedure as for Au
organosols was used for Ag organosol preparation, using TOAB as a phase-transfer reagent.
However, in comparison to Au organosols, a higher tendency to NPs sedimentation was
observed after the reducing agent was added and during the subsequent three-hour stirring of
the reaction mixture. In case of using TDAB as a phase transfer reagent, the stirring was
limited only for 5 min to avoid NPs aggregation. After the stirring, the aqueous phase
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containing reductant was removed and the resulted Ag organosol was left to stay overnight at
laboratory temperature. It should be noticed that both solutions of the phase transfer reagent
and AgNO3 are colourless. The transfer of Ag ions from the aqueous into the organic phase is
accompanied by the color change of aqueous phase from colourless to milky colour which
corresponds to the formation of AgBr precipitate.
Ag/P3OT and Au/P3OT nanocomposites of a type M were prepared by mixing the Au
or Ag organosols prepared as described above with a P3OT solution, which was prepared by
dissolution of 35 mg P3OT in case of composites with Au NPs or 19 mg P3OT in case of
composites containing Ag NPs in 6 mL of toluene. Then 6 mL of the polymer solution was
added to 16 mL of the metal organosol to prepare nanocomposites type M, followed by
vigorous stirring for two hours. Then cca 200 mL methanol was added and after the
precipitation the nanocomposite M was isolated by centrifugation, two times washed with
methanol and finally dried in vacuum oven at 65 ºC for four hours. Au/P3OT and Ag/P3OT
weight ratios in the resulting composites M were 1/1.
Ag/P3OT and Au/P3OT nanocomposites of a type R were prepared by an in situ
reduction of metal ions with NaBH4 in P3OT solution. At the first stage, a solution of metal
ions was prepared using the procedure described above for the preparation of metal
organosols (until addition of NaBH4). Then 6 mL of the polymer solution, containing 35 mg
P3OT in case of Au/P3OT nanocomposites and 19 mg P3OT in case of Ag/P3OT composites,
was admixed. Finally, an aqueous solution of NaBH4 (0.5 M, 2.5 mL) was stepwise added
under vigorous stirring. The reaction mixture was stirred for two hours, then poured into a
separatory funnel to remove the aqueous phase. The nanocomposite R was purified according
to the same procedure described above for the nanocomposites type M. Au/P3OT and
Ag/P3OT weight ratios in the resulted composites R were 1/1.

to Chapter 4.4.
Preparation of Au organosols in dichloromethane (DCM). Au organosol in DCM was
prepared by the same pathways as Au organosol in toluene since the phase transfer reagent
(TOAB) is also well soluble in DCM.
Au/MEH-PPV nanocomposites type M and R. The procedures described above to
Chapter 4.3. for the preparation of Au/P3OT composites type M and R were used for the
preparation of Au/MEH-PPV composites. The polymer (MEH-PPV) was dissolved in DCM
(5 or 35 mg in 6 mL of DCM in case of preparation of composites type M; 5, 15, 25 or 35 mg
in 6 mL of DCM in case of preparation of composites type R). The corresponding Au/P3OT
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weight ratios in composites type M were 7/1 and 1/1 which are hereafter denoted as M7 and

M1. Au/P3OT weights ratios in composites type R were 7/1, 2.3/1, 1.4/1 and 1/1 which are
hereafter denoted as R7, R2.3, R1.4 and R1, respectively.
Preparation of reference systems. (i) MEH-PPV/NaBH4. Reference system containing
the reducing agent and the polymer, without the metal salt, was prepared by mixing an
aqueous solution of NaBH4 (2.5 mL, 0.5 M) with the MEH-PPV solution in DCM (5, 15, 25
and 35 mg in 6 mL of DCM).
(ii) MEH-PPV/AuCl4-(TOAB). The laboratory protocol described above for a
preparation of nanocomposites R1 - R7 was followed up only until the polymer addition, i.e.,
NaBH4 was not added. Samples (each 5 mL) were gradually taken from the reaction mixture
at various reaction times, isolated as described above and subjected to SEC analyses.

3.3. Instrumentation and preparation of samples for the
measurements
Generally, measurements of UV-Vis spectra and transmission electron microscopy
(TEM) imaging were used for characterization of NPs sols and nanocomposites containing
metal NPs in all chapters.
UV-Vis absorption spectra were recorded using a double beam Perkin Elmer Lambda
950 UV-Vis spectrometer. Samples in solutions were measured in a 1 cm quartz cuvette. A
special holder with a 2 mm circular aperture was used for measurements of UV-Vis spectra of
thin films of composites with P3OT (in Chapter 4.3.4). The polymer composite films
containing metal NPs were prepared by spin-coating from the composite solutions in toluene
(P3OT concentration: 0.3 wt %) on glass substrates.
Transmission electron microscopy (TEM) imaging was performed by a JEOL
JEM200CX or TECNAI G2 SPIRIT (FEI, Czech Republic) transmission electron
microscopes.
In the experiments described in Chapters 4.1. and 4.2., a small drop of hydrosols or
composite systems in a particular stages of fragmentation (Chapter 4.1.) or aggregation
process (Chapter 4.2.) was transferred onto a copper-mesh grid covered with a carbon foil and
left to dry on air.
In Chapters 4.3. and 4.4., a small drop of metal organosols or composite solutions was
transferred onto a copper grid covered by a carbon foil and after 15 s the drop was sucked off
by a filtration paper.
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Statistical evaluation of the NPs size distribution was performed by a commercial
image processing and analysis computer program LUCIA 32 G Version 4.6, Laboratory
Imaging Ltd.
Particle size distributions were calculated from the binary data image by a standard
procedure using the EqDiameter (equivalent diameter) feature. The equivalent diameter is a
size feature derived from the area of the object. It determines the diameter of circle having the
same area as the corresponding object:

EqDiameter =

4 × Area

π

.

(16)

An exact separation of the particles in a binary image was necessary before using EqDiameter
feature. Equivalent nanoparticle diameters obtained by TEM image analysis were statistically
evaluated as mean value, standard deviation and median (in Chapter 4.3.2.2.) in Program
Origin 8.
Fractal dimensions (D) of Ag NP aggregates were also determined from binary
images of their TEM images according to the procedure published by Siiman et al.151: Fractal
dimension D was calculated using the mass-radius relation:
M ~RD,

(17)

where M is the mass of the object of the size R. TEM micrographs used for the determination
of the parameter D were covered by systems of centered squares. Assuming that all Ag
particles have the same size, the number of particles in one square can be taken as the mass of
the fractal object confined by the square of a particular size. The slope of the dependence of
the number of particles versus the side-length of the square in double logarithmic plot thus
represents the fractal dimension D of the Ag NPs assembly.

to Chapter 4.1.
The experimental arrangement used for the in situ monitoring of the laser
fragmentation process is shown in Figure 3-2. The hydrosol containing Au NPs was placed in
a four-sided quartz cuvette. An active Q-switched NdYAG laser system (Continuum
Surelite I) equipped with a KDP crystal frequency doubler or tripler, respectively, was used as
a light source for the fragmentation, providing pulses of 3 – 6 ns duration (FWHM) in a
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repetition rate 10 Hz and yielding a maximum energy 170 mJ (532 nm) and 90 mJ (355 nm)
per pulse, respectively, in the beam of a Gaussian shape with a cross section 66 mm2. The
laser pulse energy was measured using power detector (Gentec PSV-103) equipped with a
volume absorber. In order to achieve a homogeneous irradiation of the whole volume of the
hydrosol in the cuvette, a quartz cylindrical lens was employed to produce the beam profile of
an elliptical shape. The optical absorption of the hydrosol was measured in situ in the
perpendicular direction to the fragmentation laser beam using a CCD fiber optics
spectrophotometer Ocean Optics MC2000 equipped with two measuring UV-Vis and NIR
channels and one reference channel and a combined deuterium-halogen light source DH2000.
This experimental arrangement allowed to measure SPE spectra of Au hydrosols after each
particular pulse.
TEM imaging was used for the ex situ characterization of Au hydrosols.

Figure 3-2. Experimental setup used for the laser fragmentation process. This
arrangement allowed to measure SPE spectra of Au hydrosols after each particular
pulse.

to Chapter 4.2.
SERS spectra of Ag/PEEP-I systems were measured from hydrosol systems placed in
a 1 cm quartz five-window cuvette as well as from the Ag aggregates drop-cast on glass
substrates. They were recorded with a Raman spectrometer equipped with a monochromator
(1600 gr/mm grating, Jobin-Yvon-Spex 270M) and CCD detector (100x1340 pixels,
Princeton Instruments). 90º scattering geometry was used. Excitation was provided with
441.6 nm line of a He-Cd laser (Liconix 4230N) or with 488.0 and 514.5 nm lines of an
Ar+ ion laser (Coherent, Innova 300). The average laser power at the sample was about
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10 mW for a He-Cd laser line and about 150 mW for Ar+ ion laser lines. The spectra
acquisition time was 150 s. A necessary post-acquisition spectra treatment was done by the
SPECTRACALC program (Galalactic Industries Corp.). All preparations and measurements
were made at room temperature.
Fluorescence spectra of the Ag/PEEP-I systems were measured in a 1 cm quartz
cuvette using steady state fluorimeter SPEX Fluorolog 3-11.

to Chapter 4.3.
Scanning electron microscopy (SEM). SEM images were taken on thin films prepared
by spin coating of nanocomposite solutions on a glass substrate. Images were obtained using
SEM microscope Quanta 200 FEG (FEI, Czech Republic) equipped with a field emission gun,
using a secondary electron detector. The accelerating voltage varied between 15 - 30 kV, spot
size 1 - 3 µm and working distance between a sample and detector was about 10 mm. Exact
values are given below each SEM image.
The elemental energy dispersive analysis of X-rays (EDAX) was performed on the
same films as used for SEM with a Quanta 200 FEG microscope equipped with an EDAX
detector.
Dynamic light scattering (DLS). The time correlation functions were measured at the
scattering angle 173° on a Nano-ZS, Model ZEN3600 (Malvern, UK) zetasizer. The
DTS(Nano) program was used for the data evaluation. The mean values of the positions of the
size distribution peaks were taken to represent the data. Samples were measured in a 1 cm
four-sided square quartz cuvette. Toluene was used as a dispersant in all measurements. The
polymer concentration of the composite samples was below 0.1 wt %. Prior to the
measurements, all samples were filtered through 0.45 µm PTFE filter except
Ag(TDAB)/P3OT composite type M in which the presence of large aggregates was evident
from TEM observation and using small filter pores would influence experimental results.
Raman spectra of Au/P3OT and Ag/P3OT composites were measured on thin films
prepared as described above for UV-Vis spectroscopy. Raman confocal microscope
(LABRAM HR-800, Horiba Jobin-Yvon) equipped with a CCD detector was used for
measurements with 632.8 and 514.5 nm excitation wavelengths under the following
experimental conditions: laser powers 0.2 mW for 514.5 nm excitation and between
0.1 – 2 mW for 632.8 nm excitation, entrance slit 100 µm, confocal aperture 400 µm. The
spectral acquisition times were 60 s and 150 s for Au/P3OT and Ag/P3OT composites,
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respectively. The spectra obtained with 441.6 nm excitation line of a He-Cd laser (Liconix
4230N) were recorded with a Raman spectrometer equipped with a monochromator
(1600 gr/mm grating, Jobin-Yvon-Spex 270M) and CCD detector (100x1340 pixels,
Princeton Instruments). 90º scattering geometry was used. The average laser power at the
sample surface was about 3 mW. The spectral acquisition time was 300 s. All necessary
mathematical spectra treatment was done using the SPECTRACALC program (Galalactic
Industries Corp.). All preparations and measurements were made at room temperature.

to Chapter 4.4.
Raman spectra of Au/MEH-PPV composites were measured with Raman confocal
microscope at 632.8 nm excitation wavelength under the same experimental conditions as
written above in the Instrumentation to Chapter 4.3. (the spectra acquisition time was 150 s).
The samples were prepared by a drop-casting of composite solutions onto a glass substrate.
Infrared spectra were recorded on powder samples using a Perkin-Elmer Paragon
1000 PC FTIR spectrometer equipped with a Specac MKII Golden Gate Single Reflection
Diamond ATR System in the range 400 – 3600 cm-1. IR spectra were obtained from 16
accumulated scans with a resolution 4 cm-1.
Size-exclusion chromatography (SEC) analyses of Au/MEH-PPV composite solutions
as well as neat polymer solutions were done using an HP 1100 Series HPLC instrument
equipped with a diode-array UV-Vis detector (DAD) and a refractive index detector, a series
mixed B, mixed C and mixed E columns (Polymer Laboratories, Bristol, UK) and THF as
eluent (flow rate 0.7 mL/min). The system was calibrated using polystyrene standards with
molecular weights (MWs) in the range from 365 to 2 x 106 (Polymer Laboratories, Bristol,
UK).
Cyclic voltammetry was performed with a potentiostat (AMEL instruments, model
7050), using Pt working electrode, Pt counter electrode, and a saturated calomel electrode
(SCE) as the reference electrode. The measurements were performed with 0.1 M
tetrabutylammonium perchlorate in DCM as a supporting electrolyte. AuCl4-/TOAB solution
was prepared according to the laboratory protocol for a preparation of Au NP organosol until
reductant addition. AuCl4-/TOAB solution with five times excess of TOAB was prepared
similarly as AuCl4-/TOAB solution, only the concentration of TOAB was five times higher. In
case of preparation of AuCl4-/TBAPC, TBAPC was used instead of TOAB. The solutions of
AuCl4-/TOAB and AuCl4-/TBAPC for cyclic voltammetry measurements were prepared by
addition of 1 mL of these solutions into 30 mL of DCM in a voltammetry cell.
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SEM imaging and EDAX measurements were performed similarly as reported in
Instrumentation to Chapter 4.3.
Fluorescence spectra of the Au/MEH-PPV composites R7 and R1 were measured in a
1 cm quartz cuvette using steady state fluorimeter SPEX Fluorolog 3-11, excitation
wavelength was 500 nm. Low concentrations of MEH-PPV (1.7 x 10-4 wt %) in the
composites enabled to exclude the effects of inner filter since the extinction of the composites
samples was around 0.1.
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4.

RESULTS AND DISCUSSION

4.1. Interaction of high-power laser pulses with monodisperse
Au NPs of various sizes
In this chapter, results of the investigation on the interaction of repetitive high-power
nanosecond laser pulses with near-spherical Au NPs, dispersed in water and having various
mean sizes are presented. The effects of the laser pulse fluence (Chapter 4.1.2.), laser
wavelength (355 and 532 nm, Chapter 4.1.4.) and effect of the initial nanoparticle size
(Chapter 4.1.4.) on fragmentation of Au NPs has been explored. The hydrosols obtained after
the laser pulse impact were characterized by in-situ measurements of surface plasmon
extinction (SPE) spectra and by TEM imaging. TEM images were analyzed for determination
of nanoparticle size distribution in order to evaluate the morphological changes caused by the
laser pulse impact. For elucidation and comparison of some of these effects, laser fluence has
been adjusted in such a way that the same amount of energy per pulse was absorbed in the
various parent Au hydrosols.

4.1.1. Parent Au hydrosols
Hydrosols containing Au NPs with mean diameters of 5, 11, 35 and 104 nm (as
determined by TEM imaging and analysis) were used within the experiments. The values of
the mean particle sizes determined by the image analysis confirmed that the synthesis yielded
nanoparticles with the theoretically pre-calculated values within an error of 10%. The UV-Vis
extinction spectra of the hydrosols are shown in Figure 4.1-1. The SPE of the NPs is clearly
observed, with the maximum and the halfwidth of the extinction bands dependent on the NP
size. The maxima of the SPE bands for the hydrosols with NP having the mean diameter of
5 (Au1), 11 (Au2), 35 (Au3), and 104 (Au4) nm were observed at 514, 519, 524, and 568 nm,
respectively.
The relationship between the position of the SPE maximum and the mean particle
diameter is plotted in Figure 4.1-2. The SPE maximum shows a systematic shift towards
longer wavelengths with the increasing mean particle size, that is in agreement with
theoretical calculations152 and previous experimental observations3,

10

. In the size interval

10 – 30 nm, the position of the SPE maximum does not change. For particle sizes below
10 nm, the shift of the SPE maximum towards lower wavelengths is observed. In particular,
the results obtained in this study were compared to the SPE maxima positions of Au NPs
prepared by El-Sayed3 who studied NPs within the same size range of 5 – 99 nm. A good
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agreement between extinction spectra of the particles used within this study us and those
prepared by El-Sayed was achieved (Figure 4.1-2).
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Figure 4.1-1. SPE spectra of Au1 – Au4 hydrosols.
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Figure 4.1-2. Comparison of the positions of the SPE
maximum of Au sols Au1 - Au4 hydrosols (squares)
and those of hydrosols reported in ref.3 (circles).

4.1.2. Effect of laser pulse fluence on fragmentation of Au NPs of various
sizes
Extinction spectra of Au1 – Au4 hydrosols irradiated by 532 nm laser pulses of
various fluences were measured in-situ after the impact of 1 pulse, 600 and 1800 pulses. The
spectra for particular fluences are shown in Figure 4.1-3. For Au1 hydrosol, the spectrum of
the parent sol does not change significantly during fragmentation with pulses of all used laser
fluences. Only small decrease in extinction is observed after the impact of 1800 pulses at the
highest laser fluence (205 mJ/cm2pulse). For Au2 hydrosol, the spectrum of the parent
hydrosol does not change only during fragmentation with the pulses of the smallest laser
fluence (45 mJ/cm2pulse). The pulses with higher laser fluences (86 and 205 mJ/cm2pulse)
cause both the decrease in extinction and the shift of SPE maximum of the parent hydrosol.
While the shift of SPE maximum of the parent sol is observed for the fluence of
86 mJ/cm2 pulse after the impact of 1800 pulses, for the fluence of 205 mJ/cm2pulse the shift
of SPE maximum is observed after the impact of a single pulse. For Au3 and Au4 hydrosols,
the changes of SPE spectra of the parent sols are observed during fragmentation with laser
pulses of all fluences. For Au3 sol, a decrease in extinction occurs even after the impact of
1800 pulses with the lowest laser fluence (45 mJ/cm2pulse). For fragmentation with the pulses
of laser fluences higher than 45 mJ/cm2pulse the decrease in extinction intensity is
accompanied by a shift of the SPE maximum. This shift occurs for the fluence of
86 mJ/cm2pulse after the impact of 600 pulses, for the fluence of 205 mJ/cm2pulse,
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Figure 4.1-3. Time evolutions of in-situ measured SPE spectra of Au1-Au4 hydrosols after the impact of a
single pulse, 600 pulses and 1800 pulses of 532 nm wavelength at various laser fluences.
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a significant shift is observed after the impact of a single pulse. The most pronounced changes
take place during fragmentation of Au4 hydrosol. A shift of the SPE maximum of the parent
sol is observed after the impact of 1800 laser pulses of the lowest laser fluence
(45 mJ/cm2pulse). With increasing laser fluence used for fragmentation of Au4 sol, the
spectra change immediately after the impact of a single pulse and the effect on the extinction
intensity and shift of SPE maximum grows with increasing laser fluence.
In Figure 4.1-4, the position of SPE maxima of the hydrosols after selected number of
the impacted pulses is plotted as a function of laser fluence. The most pronounced changes in
the SPE maximum position - from 567 to 522 nm - were observed for Au4 hydrosols after the
impact of 1800 laser pulses at the highest laser fluence. For Au3 hydrosol, the changes of SPE
maxima were noticeable after the impact of 1800 laser pulse at fluence higher than
45 mJ/cm2pulse, as shown in Figure 4.1-4. At the highest fluence, the shift from 524 to
515 nm was observed. Negligible changes in position of SPE maximum for Au1 and Au2
hydrosols were observed, which vary only within an experimental error of the used
spectrophotometer.
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Figure 4.1-4. Dependence of the position of the SPE extinction maximum of Au4 (blue symbols), Au3 (green
symbols), Au2 (red symbols), Au1 (black symbols) hydrosols on laser fluence after the impact of 1 pulse
(squares), 600 pulses (circles), 1800 pulses (triangles). Laser wavelength 532 nm.

From the results described above it is obvious that the changes in SPE spectra of the
hydrosols during fragmentation with laser pulses of various fluence, in particular the shift of
the SPE maximum with increasing number of impacted laser pulses of a particular energy, is
proportional to the size of the NPs. According to the relation between NPs size and position
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of the SPE maximum in Figure 4.1-2, the spectral changes observed for both Au4 and Au3
hydrosols correspond to a size-reduction of Au NPs. Furthermore, it appears that for the Au3
and Au4 hydrosols the process of laser fragmentation is cumulative with the increasing
number of subsequent pulses: for longer time of the fragmentation the shift in SPE maximum
position starts to appear at lower laser fluence. For Au1 and Au2 hydrosols the prediction
about the size reduction is not so simple as for Au3 and Au4 hydrosols because of the very
low sensitivity of the SPE maximum to the changes of NPs size for diameters 10 - 30 nm (see
Figure 4.1-2). Therefore, TEM imaging and image analysis of the resulted deposited
hydrosols were done for determination of the NP sizes. The image analysis of the Au NPs
found in the Au2 – Au4 hydrosols after the impact of 1800 pulses at fluence 250 mJ/cm2pulse
showed that the resulted hydrosols contain the particles with the same mean particle size of
about 6 nm. On the other hand, the irradiation of Au1 hydrosol at the same laser fluence led to
a slight increase of the NP diameter (from initial 5 nm to about 7 nm).

4.1.3. Effect of initial Au NPs sizes on their fragmentation with laser pulses
of normalized fluences
The following experiment was designed to elucidate the effect of the initial size of the
NPs on their final size distribution after fragmentation. Au1 - Au4 hydrosols, containing
particles with various mean diameters, were irradiated by laser pulses of the same wavelength
(532 nm). The respective normalized laser fluences used for the fragmentation were
calculated from the optical absorption of the hydrosols at this particular wavelength to
provide the same absorbed energy per pulse in the hydrosol, all other conditions were kept
constant. The exact value of optical absorption could not be calculated simply from the
measured optical transmission of the hydrosol because, besides the optical absorption, also
scattering contributes to the extinction coefficient. To know the amount of energy absorbed in
the hydrosol correctly, we measured the diffusion transmission and diffusion reflection of
hydrosols using an integrating sphere. Compared to the values obtained using normal
transmission-mode measurements, the real absorbed energy was only between 70 to 90 %.
SPE spectra were measured in-situ during the course of the fragmentation process.
Figure 4.1-5 shows the extinction bands of Au1 – Au4 hydrosols after the impact of a single
pulse and 1800 pulses, respectively, for the laser fluences corresponding to the absorbed
energy of 41 mJ/cm2pulse in the tested volume of the hydrosols. Observable spectral changes
in extinction of Au3 and Au4 hydrosols were detected after a single pulse. Typically, we see a
broadening of the bands, a decrease in extinction and a characteristic blue shift. In the case of
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Au3 the extinction maximum shifts from 525 to 516 nm and for Au4 from 563 to 537 nm
after the impact of a single pulse. After the impact of 1800 laser pulses the most marked
change in the position of maximum was observed for Au4 hydrosol where the maximum
shifts from 563 to 514 nm after 1800 pulses. Because the positions of SPE maximum of all
sols shifted to values less than 519 nm after the impact of 1800 pulses, we expect similar
composition of all the final products of fragmentation having NPs with diameters below
20 nm.
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Figure 4.1-5. In-situ measured extinction spectra of Au1
– Au4 hydrosols after the impact of (a) a single pulse
and (b) 1800 pulses of 532 nm wavelength. The
normalized laser fluences were 151, 248, 270 and 245
mJ/cm2pulse for Au1 – Au4 hydrosols, respectively, to
provide the same absorbed energy.

Figure 4.1-6. Nanoparticle size distributions of Au1
– Au4 hydrosols after the impact of 1800 laser pulses
of 532 nm wavelength. The normalized laser
fluences were 151, 248, 270 and 245 mJ/cm2pulse
for Au1 – Au4 hydrosols, respectively.

The NP size distributions obtained from the analysis of the TEM images of the final
products are shown in Figure 4.1-6. Remarkable differences between the behavior of
Au2 – Au4 hydrosols on one side and Au1 on the opposite were observed. Size distributions
indicate that the fragmentation of all Au2 – Au4 sols provides small particles with mean size
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about 5 nm, particles larger than 10 nm were not observed except of a few particles in the
final Au3 hydrosol. Surprisingly, the distribution of diameters of NPs found in the Au1
hydrosol after the fragmentation was slightly shifted towards larger values after irradiation.
The measurements performed at the same energy absorbed in the hydrosols thus confirm the
conclusions obtained from the measurements at the highest available laser fluence (previous
chapter). All initially large NPs end up with the same size but, if the fragmentation starts with
already small NPs having the diameter below a certain value, the NPs tend to small but
detectable growth.

4.1.4. The effect of laser pulse wavelength on fragmentation of Au NPs of
various sizes
To elucidate whether the fragmentation process is wavelength selective, the
fragmentation was performed by laser pulses of two wavelengths, 355 and 532 nm,
respectively, while all the other conditions were kept constant. The energy per pulse used for
the fragmentation was again calculated on the basis of different extinction coefficients at the
respective wavelengths. The laser fluence was adjusted so as the same amount of energy per
pulse was absorbed by the NPs at both wavelengths. In-situ measured SPE spectra of
Au1 – Au4 hydrosols after the impact of a single pulse, 600 pulses and 1800 laser pulses are
compared in Figure 4.1-7. SPE spectra of the hydrosols Au1 and Au2 do not significantly
change upon laser irradiation at both wavelengths. The shifts of SPE maximum are not
observed, only a decrease in extinction intensity occurs. While for Au1 sol this decrease is
observed after the impact of 1800 laser pulses, for Au2 sol the decrease occurs after the
impact of 600 pulses. The impact of a single pulse of 355 nm wavelength on the hydrosols
Au3 and Au4 causes a blue shift of SPE maxima (see Figure 4.1-7). On the other hand, the
impact of a single pulse of 532 nm wavelength does not change the spectra of the parent
hydrosols. With increasing number of impacted laser pulses, blue shifts of SPE maxima are
observed at both wavelengths of laser pulses. After the impact of 1800 laser pulses, the Au3
hydrosols with nearly identical SPE spectra are obtained for both fragmentation wavelengths.
Impact of 1800 laser pulses of 355 and 532 nm wavelengths influences the SPE spectra of the
hydrosol Au4 by different ways. More pronounced shift of SPE maximum is observed for
532 nm fragmentation wavelength (from 561 to 541 nm) compared to the shift from 562 to
553 nm for 355 nm fragmentation wavelength. This blue shift of the peak position is
analogous to that reported in48, however, in that case, it has been ascribed to changes not only
in size, but also in the shape of the initially non-spherical particles.
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Figure 4.1-7. In-situ measured SPE spectra of the parent Au1 – Au4 hydrosols and sols after the
impact of a single pulse, 600 pulses and 1800 pulses of 355 and 532 nm wavelength. The spectra were
smoothed by FFT filtering in program Origin 8.
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TEM images of the Au NPs were acquired (Figure 4.1-8a,b - Figure 4.1-11a,b) and
analyzed for the size distributions to assess the morphological changes caused by laser
irradiation by 1800 pulses. At least 700 particles were counted for the image analysis of each
sample. The corresponding size distributions are shown in Figure 4.1-8c,d - Figure 4.1-11c,d.
The analyses of all hydrosols (Au1 – Au4) showed that the fragmentation by laser pulses at
the 355 nm wavelength yields NPs with narrower size distributions and smaller values of
particle mean size compared to that performed by 532 nm laser pulses.
For Au2 hydrosol, the initial monomodal size distribution turned into a bimodal one
after the irradiation with 1800 pulses of 532 nm wavelength (Figure 4.1-9d). Bimodal size
distributions of Au NPs under nanosecond53 and picosecond50 laser pulses, centered at
2 – 6 nm and the other at 8 – 14 nm, respectively, separated with a well pronounced “valley"
at 7 – 8 nm were reported recently. The larger particles were ascribed to be “parent” particles
with reduced size, the smaller ones were suggested to be a product of the material evaporated
from the "parent" particle heated by the laser pulse impact. The bimodal size distribution
observed in ref.50 was interpreted as a transient phenomenon that can be seen before the
completion of the size reduction of initial particles into small ones. The bimodal particle size
distribution after the irradiation by 532 nm pulses was not observed for Au3 (Figure 4.1-10d)
and Au4 (Figure 4.1-11d) hydrosols. Nanoparticle size distributions of fragmented particles
Au3 and Au4 consist of a large fraction of small particles (diameter less than 10 nm) and a
small fraction of larger particles (diameter above 10 nm) shown as a tail in the size
distribution diagram. Although the mean sizes of particles Au3 and Au4 are similar, they
differ slightly in the width of their size distributions. The fragmented Au3 hydrosol contains a
small fraction of the “parent” particles with diameters corresponding to the diameters of the
initial particles around 35 nm. In the fragmented sol Au4 “parent” particles with the diameter
equal to the diameter of initial particles do not occur. On the other hand, a fraction of larger
particles with diameter between 15 - 25 nm are observed in TEM image and NPs size
distribution. “Parent” particles which are observed in TEM images of the fragmented Au2 and
Au3 hydrosols could be considered as non-fragmented particles of the parent hydrosols.
A careful analysis of these NPs shows a shape transformation during the
fragmentation. Parent particles with the sharp edges change into particles with a nearspherical shape. The shape transformation of Au NPs was investigated in several
studies48,

50, 57, 61, 153-155

. Inasawa et al.153 calculated the threshold energy for the shape

transformation of relatively large Au particles (mean diameter 38 nm). They used 355 nm
pulses with energy 2 - 8 mJ per pulse and pulse width 30 ps. The shape transformation was
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explained by surface melting. This situation can occur when the laser pulse energy is not high
enough to heat the whole volume of the nanoparticle above its melting point. The structural
transition of Au NPs before and after the shape transformation was also discussed by Koga et
al.156 According to these study the mechanism of size and shape transformation, i.e. whether it
proceeds via melting (as in the case of larger near-spherical “parent” particles) or via
fragmentation (small particles with diameter less than 10 nm), simply depends on the amount
of laser energy absorbed within a nanoparticle in a single pulse53.
TEM images and nanoparticle size distributions of Au2 – Au4 hydrosols after the
impact of 1800 laser pulses of 355 nm wavelength depicted in Figure 4.1-8a,c Figure 4.1-11a,c are similar to each other and the values of particle mean size differ only
within an experimental error. The statistical analysis further showed the narrow monomodal
size distribution of all fragmented hydrosols with particle mean sizes around 4 nm. The
fragmented hydrosols contain small near-spherical particles, while particles with diameters
above 10 nm are not observed compared to the presence of these particles in the hydrosols
after irradiation with 532 nm laser pulses. Probably, the size of some of the photoproducts
(e.g. Au clusters) is smaller than the detection limit of transmission electron microscope,
which in this case was typically between 1 and 2 nm for samples deposited on a flat carbon
coated grid.
Nanoparticles size distribution of Au NPs in Au1 hydrosol after the impact of 355 nm
laser pulses (Figure 4.1-8c) was narrower than size distribution after the impact of 532 nm
pulses (Figure 4.1-8d) for the same energy per pulse absorbed in the hydrosol at both
wavelengths. Also the mean diameter of particles after 355 nm was smaller (d = 3 nm) than
the mean size after laser irradiation at 532 nm (d = 6 nm). These results confirm that 355 nm
laser pulses provide smaller particles than 532 nm laser pulses, regardless the initial NPs
sizes. These results indicate the differences in fragmentation mechanism by using 355 and/or
532 nm pulses. For NP fragmentation with nanosecond laser pulses, two processes were
proposed; one is the vaporization of particles induced by a photothermal process in which
particles vaporize at the boiling point, and the other is a kind of Coulomb explosion of
particles induced by an electron ejection from particles.
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Figure 4.1-8. TEM images (a,b) and nanoparticles size distributions (c,d) of Au NPs in Au1 hydrosol after the
impact of 1800 pulses of 355 nm (a,c) and 532 nm (b,d) wavelength. The laser fluences were 136 and
150 mJ/cm2pulse for 355 and 532 nm wavelength, respectively.
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Figure 4.1-9. TEM images (a,b) and nanoparticles size distributions (c,d) of Au NPs in Au2 hydrosol after the
impact of 1800 pulses of 355 nm (a,c) and 532 nm (b,d) wavelength. The laser fluences were 136 and
114 mJ/cm2pulse for 355 and 532 nm wavelength, respectively.
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Figure 4.1-10. TEM images (a,b) and nanoparticles size distributions (c,d) of Au NPs in Au3 hydrosol after the
impact of 1800 pulses of 355 nm (a,c) and 532 nm (b,d) wavelength. The laser fluences were 136 and
95 mJ/cm2pulse for 355 and 532 nm wavelength, respectively.

(a)

(b)

600
250

(c)

(d)

500

355 nm
d = (3.9 ± 1.8) nm

532 nm
d = (6.5 ± 3.1) nm

200

Counts

Counts

400
300
200

150

100

50

100
0

0
0

5

10

15

20

Diameter [nm]

25

30

0

5

10

15

20

25

30

Diameter [nm]

Figure 4.1-11. TEM images (a,b) and nanoparticles size distributions (c,d) of Au NPs in Au4 hydrosol after the
impact of 1800 pulses of 355 nm (a,c) and 532 nm (b,d) wavelength. The laser fluences were 136 and
97 mJ/cm2pulse for 355 and 532 nm wavelength, respectively.
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4.1.5. Discussion of Au NPs fragmentation mechanisms
In order to discuss the mechanism of fragmentation one has to consider the time scale
of light absorption, heating of the material and exchange of the thermal energy with the
surrounding medium. As the heating of the NPs upon light energy absorption is given by the
phonon-phonon relaxation time and it is in the time scale of 100 ps, in experiments in which
the nanosecond pulses are used the hot molten spheres are continuously bath with light from
the nanosecond laser pulse. These hot particles continue to absorb on the nanosecond time
scale of the pulse and also lose some heat to the solvent simultaneously53,

155

. It has been

reported that during a single laser pulse, one parent Au NP absorbs consecutively more than
thousands photons, and its temperature can easily reach the boiling points of the metal. The
heated parent Au NPs release photofragments and Au atoms which aggregate into small Au
clusters on a nanosecond time scale. The Au clusters begin to contribute to the optical
absorption as they grow into nanosized particles by aggregation and/or attachment to the
already formed NPs. Under certain conditions, very large NP aggregates (nanonetworks) and
larger NPs can be formed by interparticle fusion59. However, neither aggregation nor
interparticle fusion was observed in this study.
The competition between heating of the NP by absorbed photons and heat dissipation
from the hot molten particle to the medium plays an important role in its size reduction155. It
was shown that the rate of energy dissipation for Au NPs in an aqueous solution depends on
their size; smaller particles show faster thermal relaxation times because of their higher
surface-to-volume ratio157. Therefore, for smaller particles, either present in the parent
hydrosol or formed by a size reduction during the precedent fragmentation, there is a lower
probability of further reduction of their sizes, because these particles are not heated to enough
high temperature due to their lower optical absorption and due to a fast heat dissipation (heat
dissipation within 10 ps for NPs with the diameter 4 nm). If the heat dissipation from larger
particles to the medium proceeds in a longer time scale as estimated in the paper by Inasawa
and coworkers50, the high temperature of a particle could be maintained if nanosecond laser
pulses of sufficient energy are used. The delivery of energy within the nanosecond laser
pulses could overcompensate the amount of energy lost to the solvent and, therefore, the
creation of small spheres by fragmentation can be thus explained. This is quite realistic if it is
considered that the cooling process could be even retarded due to the presence of water
vapours shell around the nanoparticles, instead of a liquid medium50. Vapours are developed
by a temporal excess of thermal energy during the fragmentation.

53

Results and Discussion

4.1.6. Conclusions
1. The process of laser-induced fragmentation of Au NPs is cumulative with increasing
number of subsequent laser pulses.
2. Laser irradiation of all parent Au NP hydrosols containing NPs with different mean
diameters (except that one containing NPs with the mean diameter 5 nm) by pulses of
532 nm wavelength and of the same energy per pulse absorbed in the hydrosol,
resulted in hydrosols containing NPs of a very similar mean size and size distribution.
On the other hand the parent NPs with a mean diameter below 5 nm had a tendency to
a slight, but still observable growth during the fragmentation at the same wavelength.
3. Comparison of fragmentations with the pulse energy adjusted in such a way that the
energy per pulse absorbed in the hydrosols was the same for both wavelengths
(355 and 532 nm) showed that the fragmentation at 355 nm wavelength led to final
hydrosols with lower mean particle size and narrower size distribution in comparison
to those obtained by irradiation with 532 nm pulses. Under the same conditions and
using laser pulses of 532 nm, the irradiation of all the hydrosols containing NPs with
the original diameter larger than 10 nm resulted into the final hydrosols containing
NPs of a very similar mean size (d ~ 7 nm). The NPs of a mean diameter 5 nm were
not fragmented by pulses of 532 nm wavelength. On the other hand, the impact of
1800 laser pulses of 355 nm wavelength led to the formation of NPs of the same size
in all the hydrosols (d ~ 4 nm).
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4.2. Morphology and optical responses of SERS active
π-conjugated poly(N-ethyl-2-ethynylpyridinium iodide)/Ag
nanocomposite systems
In this chapter, designing and probing of SERS activenanocomposite

systems

consisting

of

poly(N-ethyl-2-

+ C2H5

N

ethynylpyridinium iodide), PEEP-I (Figure 4.2-1), and Ag NPs is

_
I

reported. The effect of the changes in the morphology of

n

Figure 4.2-1. Chemical
structure of poly(N-ethyl-2ethynylpyridinium iodide),
PEEP-I.

nanocomposite systems (as determined by TEM) on their optical
characteristics was investigated by a combination of surface
plasmon extinction (SPE) measurements, surface-enhanced Raman

spectroscopy (SERS) and fluorescence spectroscopy. The SERS spectra measurements have
been focused on optimization of the polymer concentration for the preparation of Ag/PEEP-I
SERS active system as well as on the selection of the excitation wavelength providing the
highest SERS enhancement.

4.2.1. SPE spectra of Ag/PEEP-I hydrosol systems with various polymer
concentration
The UV-Vis spectrum of the pure
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Figure 4.2-2. UV-Vis pectrum of PEEP-I aqueous
solution, cPEEP-I = 3 x 10-4 M.

9. The shoulders at 268 and 286 nm can be
associated with the aromatic π → π* or n → π* transitions of pyridine or pyridinium,
respectively. It indicates that the prepared polymer contains both the protonated and nonprotonated pyridines.
The time evolutions of SPE spectra of the Ag hydrosol after the addition of PEEP-I at
various concentrations are shown in Figure 4.2-3. Upon addition of the polymer strong color
changes were observed, depending on the concentration of the polymer in the composite
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system. For understanding the spectra, it should be noted that the absorbance of the polymer
at the maximum concentration of 1 x 10-4 M used in the experiments was only 10 % of the
extinction of the Ag hydrosol and, therefore, the contribution of the absorbance of the
polymer to the overall extinction was almost negligible for the polymer concentrations used
within this study. Therefore, the spectra of the composites are expected to reflect entirely the
changes in the SPE spectrum of the Ag hydrosol. The SPE spectral features for systems with
the particular polymer concentrations will be now discussed.
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Figure 4.2-3. Time evolutions of SPE spectra of Ag/PEEP-I composite systems with (a) 1x10-4 M, (b) 5x10-5 M,
(c) 1x10-5 M, (d) 5x10-6 M, (e) 5x10-7 M and (f) 5x10-8 M PEEP-I concentration.
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The time evolution of SPE spectra of Ag/PEEP-I hydrosol system with the polymer
concentration 1 x 10-4 M is shown in Figure 4.2-3a. After the polymer addition, the intensity
of SPE band decreased, the band red-shifted to 408 nm and markedly broadened compared
with the spectrum of the parent Ag hydrosol. With increasing time, the red-shift of SPE band
continued to 418 nm 6 hrs after the mixing. However, at long time (48 hours after the mixing)
the SPE maximum returned to 408 nm and, simultaneously, the extinction above 700 nm
slightly increased. Similar evolution of SPE spectra exhibited Ag/PEEP-I hydrosol system
with the polymer concentration 5 x 10-5 M (Figure 4.2-3b). Compared to SPE spectra of the
system with the polymer concentration 1 x 10-4 M, the spectra contained a more pronounced
secondary band with a maximum at about 530 nm. The SPE spectra did not show any
significant changes in spectral features within 4 hrs after the mixing. A day after the mixing,
SPE band shifted to 411 nm. Finally, it should be mentioned that both systems were stable
since no visible aggregates were observed at the bottom of the vial during a week after the
mixing.
Different behavior was observed when the PEEP-I concentration in the systems was in
the range 1 x 10-5 M - 5 x 10-6 M. Time evolutions of SPE spectra of Ag/PEEP-I hydrosol
systems with the polymer concentration 1 x 10-5 M and 5 x 10-6 M are depicted in Figure
4.2-3c and d, respectively. For example, in the case of the composite system with 5 x 10-6 M
polymer concentration a decrease in extinction of SPE band and its slight red shift (from
396 nm to 398 nm) together with a development of a new broad band centered at 526 nm
(Figure 4.2-3d, red line) were observed immediately after the mixing. With increasing time,
the new band at the longer wavelength was broadened and red-shifted, showing a maximum
at 545 nm about 70 min after the mixing. During further observation the intensity of the
whole SPE spectrum decreased, while keeping the ratio of both bands unchanged. These
changes of the SPE band of Ag hydrosol occurring immediately after the preparation indicate
a rapid aggregation of Ag NPs. Aging of the system (in terms in hours) led to a decrease in
the overall optical extinction, that was attributed to the formation of large aggregates and their
sedimentation at the bottom of the vials. Comparing the observed extinction spectra with
calculated optical responses of fractal aggregates26, the optical spectra evolutions of these
system can be explained by the formation of aggregates that might even show fractal features.
The time evolution of SPE of the Ag/PEEP-I hydrosol system containing 5 x 10-7 M
polymer concentration is shown in Figure 4.2-3e. Although the spectra showed similar
features as in the previous case for the higher polymer concentration (5 x 10-6 M), a slower
progression of the spectral changes was recorded. After the preparation, the spectrum
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consisted of the SPE band, with the maximum position similar to that of the parent Ag
hydrosol (at 394 nm), and a shoulder around 500 nm. With increasing time, the SPE band at
394 nm gradually decreased and, simultaneously, the extinction intensity of the band around
500 nm increased. The fourth day after the preparation both bands had nearly the same
extinction with maxima positioned at 396 and 528 nm. During further observation the
intensity of the whole SPE spectrum decreased, while keeping the ratio of both bands
unchanged. The increased extinction above 700 nm agrees well with the presence of large
aggregates that have the tendency to sedimentation.
SPE spectra of Ag/PEEP-I hydrosol systems containing even lower polymer
concentration than 5 x 10-7 M preserve the characteristics of the parent Ag hydrosol as is
shown in Figure 4.2-3f for PEEP-I concentration 5 x 10-8 M. Only a small broadening and
red-shift of the SPE band are observed with increasing time. Nevertheless, the system is stable
for a long time (within weeks) and no aggregates are observed.

4.2.2. TEM imaging of Ag/PEEP-I hydrosol systems and determination of
fractal dimension (D)
The characteristic morphologies of Ag/PEEP-I hydrosol systems deposited from sols
containing various polymer concentrations immediately after their preparation are shown in
Figure 4.2-4. It is obvious that the morphology of Ag NPs in the Ag/PEEP-I system with
polymer concentration 1 x 10-4 M differs significantly from that observed for the systems with
lower polymer concentration. TEM image of this system (Figure 4.2-4a) shows that smaller
aggregates are formed in which Ag NPs are well separated from each other. Interparticle
spacing is larger compared to the systems containing lower polymer concentration.
For the Ag/PEEP-I systems containing polymer concentration lower than 5 x 10-5 M
(Figure 4.2-4b and c), large aggregates consisting of nanoparticles with an average size about
9 nm (corresponding to the average size of nanoparticles in the parent Ag hydrosol) are
observed. The nanoparticles in these aggregates form closely packed arrays which mutually
overlay as can be seen on some places of the TEM image.
Ag/PEEP-I system containing polymer concentration 5 x 10-6 M was chosen for
determination of fractal dimension since SPE spectra of this system taken immediately after
the preparation are similar to those observed for fractal aggregates26. Fractal dimensions (D)
were determined from three different TEM images by a procedure based on the mass-radius
relation according to the method described by Solecká159 (see also Experimental, Chapter
3.3.). Briefly, TEM images were covered by sets of centered squares with three different
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central points selected on each of them. Assuming that all silver nanoparticles have the same
size, the number of particles in one square can be taken as the mass of the fractal object while
the length of the side of the square is taken as its size. The slope of the dependence of the
number of particles versus the side-length of the square in double logarithmic plot thus
represents the fractal dimension D of the Ag NP assemblies.

(a)

(b)

(c)

Figure 4.2-4. TEM images of the composites cast and dried from the Ag/PEEP-I hydrosol systems with
(a) 1 x 10-4 M (b) 5 x 10-6 M and (c) 5 x 10-7 M PEEP-I concentration taken immediately after the preparation.
Two diffrent magnifications are shown.
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Representative TEM image used for fractal analysis and corresponding dependences
from which the fractal dimensions were determined are shown in Figure 4.2-5. An average
value of the fractal dimension, D = 1.9 ± 0.1, was obtained from the slopes of all dependences
for three different TEM images. This value indicates that the fractal aggregates are present in
the Ag/PEEP-I system obtained from the hydrosol system with the 5 x 10-6 M polymer
concentration. The actual values of fractal dimensions determined from these analyses ranged
from D = 1.78 (which is close to D = 1.75 inherent to fractal aggregates formed by diffusionlimited cluster-cluster aggregation), to D = 2.05 (which is close to D = 2, the value typical for
an infinite array of regularly /hexagonally/ packed NPs of uniform sizes). The observed
dispersion of fractal dimension values can possibly stem from a partial re-assembling of
fractal Ag NPs aggregates after the deposition on the supporting surface, i.e. on the carboncoated TEM grid, into planar sub-structures of more or less regularly packed Ag NPs. The
regularity of the planar arrangement is influenced by a polydispersity of the Ag NPs
assembly.
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Figure 4.2-5. TEM image of Ag/PEEP-I system with 5 x 10-6 M PEEP-I concentration used for determination of
fractal dimension and dependences of masses M versus sizes R of the objects. The slope of such dependence
corresponds to the fractal dimension (D).
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4.2.3. Summary of results of the SPE probing and TEM imaging of the
Ag/PEEP-I hydrosol systems
In summation, the rate of aggregation, the morphology of the aggregates as well as the
stability of the nanocomposite systems depend on the polymer concentration. We assume that
the polymer is adsorbed on Ag NPs by an electrostatic interaction between the positively
charged pyridinium polymer side groups and negatively charged ions (borates and iodides)
covering the Ag NP surface. At low polymer concentrations, the positively charged polymer
partially compensates the negative surface charge of the nanoparticles, and the aggregation is
observed with a rate proportional to the polymer concentration. In particular, in the system
with 5 x 10-6 M polymer concentration, the compensation of charges causes a rapid
aggregation of Ag NPs into fractal aggregates (D = 1.90). This process manifests itself in the
SPE spectra by the growth of a secondary SPE extinction band around 530 nm, in accord with
the theoretically predicted optical responses of fractal aggregates26. At a limiting polymer
concentration (estimated to be around 1 x 10-5 M), the negative surface charge of the NPs is
expected to be fully compensated by the attachment of the cationic pyridinium side-groups of
the polymer. Therefore, at higher polymer concentrations, there are non-adsorbed parts of the
polymer chains, the presence of which hinders Ag NP aggregation. As a result, less dense Ag
NP – polymer aggregates are formed with interparticle spacings larger and the overall
dimensions smaller than those encountered for fractal aggregates formed at lower polymer
concentrations (Figure 4.2-4). This explanation is confirmed both by the increased hydrosol
stability for the system with the polymer concentration higher than 1 x 10-5 M, and by the SPE
spectra exhibiting a broad extinction band red-shifted from that of the parent Ag NP hydrosol,
as expected on the basis of theoretical calculations performed for DNA linked Au NP
aggregates160.
Furthermore, two types of calculations related to the explanation provided above were
performed. In the first case, a simple calculation showed that there are 500 and 10 000
monomeric units per one Ag NP for the systems with polymer concentration 5 x 10-6 M
and 1 x 10-4 M, respectively, considering the average diameter of Ag nanoparticles of 9 nm
determined by TEM image analysis. If we estimate the surface area of one monomer unit
anchored to the NP surface to be about 0.15 nm2, 1800 monomer units would be required to
cover the whole NP surface. This value is close to the limiting concentration 1 x 10-5 M, at
which a change in the optical spectra evolution and, consequently, in the mechanism of the
aggregate formation, has been encountered.
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An alternative explanation of spectra evolution at the higher polymer concentrations
was tested based on a possible change of resonance conditions caused by variations in the
dielectric constant of the environment after addition of the polymer. In particular, it was
considered whether or not this effect could be fully or partially responsible for the red shifts
of SPE band in the spectra of the composite systems with the polymer concentration above
1 x 10-5 M. Nevertheless, it was found that the magnitude of the observed effect does not
correspond to the calculated values161. Therefore, the primary reason for the observation of
the broad SPE band red-shifted with respect to that of the parent sol is a weak interparticle
interaction in the loosely packed Ag NP-polymer aggregates, as proposed above.

4.2.4. Raman spectra of Ag/PEEP-I nanocomposite systems
Raman spectra of Ag/PEEP-I system (cPEEP-I = 5 x 10-6 M) containing fractal
aggregates of Ag nanoparticles were measured using 441.6, 488.0 and 514.5 nm excitations
(Figure 4.2-6). The 441.6 nm excitation matches the polymer absorption at 440 nm maximum
(Figure 4.2-2) and fulfills thus the molecular resonance condition with the π-conjugated
polymer chain. On the other hand, it falls within a minimum between the two SPE bands of
the composite system (Figure 4.2-3d). By contrast, the 488.0 and 514.5 nm wavelengths fall
only into the edge of the polymer absorption band (Figure 4.2-2), however, they approach the
maximum of the second SPE band of the composite system attributed to fractal aggregates
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Figure 4.2-6. SERS spectra of Ag/PEEP-I hydrosol system with 5 x 10-6 M PEEP-I concentration measured
with (a) 441.6 nm, (b) 488.0 nm and (c) 514.5 nm excitation wavelengths. Baseline correction was performed
with Origin 8 software.
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The spectrum obtained at 441.6 nm excitation wavelength is dominated by a strong
fluorescence, and no characteristic Raman bands could be observed after the subtraction of
the fluorescence background. In contrast to that, intense and well resolved Raman spectra
were obtained with the 488.0 and 514.5 nm laser excitations. The positions of Raman bands
closely match those observed recently for structurally analogous polymers127, 162. The bands at
1076, 1160, 1568 and 1622 cm-1 are assigned to the vibrations of pyridinium ring: pyridine
CCH bending (1076, 1160 cm-1) and pyridinium ring stretching (1568, 1622 cm-1). The band
at 1514 cm-1 corresponds to the polymer backbone C=C stretching vibration. Additionally, it
should be mentioned that with the same excitation wavelengths Raman spectrum of pure
PEEP-I could not be obtained owing to its strong fluorescence background.
The results of Raman spectral probing provide an unequivocal proof that the Raman
spectra obtained from the Ag/PEEP-I composite system at 514.5 and 488 nm are the surfaceenhanced Raman spectra of the polymer and demonstrate that the operation of
electromagnetic mechanism of SERS is of key importance for obtaining a Raman spectrum of
the polymer from the composite system.
Furthermore, SERS spectra of the Ag/PEEP-I system (cPEEP-I = 5 x 10-6 M) measured
with the 514.5 nm excitation both from the hydrosol system and from the sedimented
aggregates deposited on a glass slide are compared in Figure 4.2-7. It was found that SERS
spectra of deposited Ag/PEEP-I aggregates are nearly identical with those obtained from the
hydrosol system. We can thus conclude that the polymer remains to be an inherent part of the
Ag/PEEP-I system even after the deposition, and that about the same fraction of the polymer
chains remains localized in the hot spots of fractal aggregates before and after the deposition.
Nevertheless, a minor spectral difference, in particular the change of the relative intensity
ratios of 1604 cm-1 and 1622 cm-1 bands attributed to the pyridine and pyridinium ring
stretching, respectively, has been observed. This can be explained by the change of the
fraction of the protonated and the non-protonated pyridines of polymer, or by the change of
the enhancement experienced by these vibrational modes after the deposition.
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Figure 4.2-7. SERS spectra of Ag/PEEP-I system with 5 x 10-6 M PEEP-I concentration measured from (a)
hydrosol system immediately after the preparation and (b) Ag/PEEP-I aggregates cast on glass substrate.
Excitation wavelength was 514.5 nm in both cases. Baseline correction was performed with Origin 8 software.

Finally, SERS spectra of Ag/PEEP-I nanocomposite systems were measured using
514.5 nm excitation wavelength as a function of the polymer concentration. The resulting
spectra, measured immediately after the system preparation, are compared in Figure 4.2-8.
The onset of the polymer SERS signal observation is at 5 x 10-8 M concentration. For
5 x 10-7 M concentration, a substantial increase of SERS intensity is observed, however, only
a weak increase of the SERS signal is detected in the 5 x 10-7 M- 1 x 10-5 M concentration
range. For concentrations higher than 1 x 10-5 M, the SERS signal has actually decreased.
This somewhat peculiar concentration dependence of the SERS signal can be plausibly
explained, provided that we consider the morphology and optical spectra of the composite
systems and their dependence on the polymer concentration (see Figure 4.2-3 and
Figure 4.2-4). Apparently, the largest SERS signals are obtained for systems with an
occurrence of fractal aggregates, in which localization of the polymer chain segments in hot
spots can be expected. In such systems the 514.5 nm optical excitation closely matches the
fractal aggregate extinction band (Figure 4.2-3c,d,e) resulting in the strongest enhancement of
Raman scattering by electromagnetic mechanism163, 164. Since the number of Ag NPs in the
systems remains constant and fractal aggregates are formed, the number of hot spots finally
created in the system after the aggregation is accomplished does not change dramatically with
the polymer concentration in the 5 x 10-7 M - 1 x 10-5 M concentration range. However, since
the spectra were measured immediately after system preparation, the weak increase of SERS
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signal with increasing polymer concentration probably reflects the increasing rate of
aggregation and, consequently, of hot spots formation The decrease of the SERS signal for
systems with the polymer concentrations higher than 1 x 10-5 M can be explained by
weakening of the localized electromagnetic fields between the Ag NPs caused by the
increasing interparticle distance in the loosely packed Ag nanoparticle-polymer aggregates
formed at these high polymer concentrations as well as by a rather poor matching between the
514.5 nm excitation and the extinction of these aggregates having the maximum at 430 nm
(Figure 4.2-3a, b).
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Figure 4.2-8. SERS spectra of Ag/PEEP-I hydrosol systems containing different PEEP-I concentration measured
with 514.5 nm excitation wavelength. Baseline correction was performed with Origin 8 software.

4.2.5. Fluorescence spectra of Ag/PEEP-I nanocomposite systems
Most of the π-conjugated polymers show fluorescence emission in the visible spectral
region. Although iodine ions are known as fluorescence quenchers, PEEP-I exhibits a strong
fluorescence with emission maximum around 500 nm. It is generally accepted that the main
advantage of the incorporation of Ag or Au nanostructures in SERS measurements is the
limitation of fluorescence background that decreases the sensitivity of Raman spectroscopy.
Surprisingly, in SERS spectra of PEEP-I fluorescence background was still observed, even
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when a strong enhancement of Raman scattering proves the efficient interaction between the
polymer and surface plasmons of Ag NPs. Hence, we performed independent fluorescence
measurements of Ag/PEEP-I hydrosol systems. The fluorescence spectra of Ag/PEEP-I
systems were compared with those obtained for the reference polymer solutions diluted by
water to the same concentration as in Ag/PEEP-I systems. Fluorescence was excited with
352 nm wavelength falling into the maximum of excitation spectrum of the polymer
(Figure 4.2-9) corresponding to the photoexcitation of the π-conjugated backbone. Several
questions and problems which have arisen during the measurements will be discussed in the
following paragraphs.
First, it should be emphasized that contradictory results concerning fluorescence of
chromophores near metal nanostructures were reported in the literature. Some experimental
studies demonstrate fluorescence enhancement130,

165

for molecules placed near a metal

nanostructure, other studies report fluorescence quenching146, 166. It has been found that the
distance between the chromophore and the metal nanoparticle167 as well as the fluorescence
quantum yield of the isolated chromophore118 play the key role in determination of the
fluorescence of the chromophore - metal nanoparticle system. Moreover, the influence of the
morphology of nanoparticle assemblies on the fluorescence emission is only poorly discussed.
To our best knowledge, there is no report in the literature on the influence of fractal
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Figure 4.2-9. Excitation spectra of neat polymer (solid line) and of Ag/PEEP-I system (dashed line) containing
5 x 10-7 M polymer concentration prepared by five times dilution of 2.5 x 10-6 M Ag/PEEP-I system, measured
at 500 nm emission wavelength.
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The problem has arisen since Ag hydrosol used for the aggregation studies had a high
extinction, thus internal filter effect appeared during the fluorescence measurements of
Ag/PEEP-I systems. Therefore, to be able to compare the fluorescence intensity of Ag/PEEP-I
systems with that of reference systems, we had to perform the correction to the internal filter
effect. No changes were detected in emission spectra of Ag/PEEP-I systems containing
polymer concentration higher than 1 x 10-5 M (1000 monomeric units per one Ag NP) for the
overall monitored period of about 90 min after the mixing. On the other hand, more
pronounced changes were detected for the Ag/PEEP-I systems which show the secondary
SPE band (around 530 nm) assigned to the fractal aggregates formation in the same time as
during fluorescence monitoring. Nevertheless, the results obtained for various experiments
were scattered: no statistically relevant tendency of the changes of fluorescence emission
could be determined.
We also considered a possibility that the changes in fluorescence emission can be
actually very small and can be caused by decrease of polymer concentration due to the
sedimentation of Ag aggregates formed after the mixing with the Ag hydrosol. Therefore, we
determined the amount of silver left in the sol during aggregation process for Ag/PEEP-I
system with the polymer concentration 5 x 10-6 M using an atomic absorption spectroscopy.
We found that the content of silver in the hydrosol does not change within two hours after the
mixing of Ag hydrosol with PEEP-I solution. Therefore, the observed changes in the
fluorescence spectra reflect the dynamic behavior of the composite system and they are not
related to aggregates sedimentation, since it occurs only at much longer time after the mixing,
than it is the time scale of the fluorescence measurement.
In order to exclude the errors which could be caused by the correction on the internal
filter effect we measured the emission spectra of Ag/PEEP-I systems that had been diluted to
yield the optical extinction values below 0.35. These systems were prepared by dilution of
Ag/PEEP-I systems originally containing 2.5 x 10-6 M polymer concentration with water to
the final concentrations 5 x 10-7 M, 2.5 x 10-7 M and 1.7 x 10-7 M. The dilution was done
2 min after the mixing of the polymer solution with Ag hydrosol to allow for the nanoparticle
aggregation as it was evidenced by UV-Vis spectra. The emission spectra of the Ag/PEEP-I
systems together with the emission spectra of the polymer solutions containing the same
corresponding polymer concentrations are shown in Figure 4.2-10. A decrease of about
10 - 20 % in the fluorescence intensity was observed for all Ag/PEEP-I systems compared to
the intensities of the reference systems. Hypsochromic shift of the emission spectra and
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bathochromic shift of the excitation spectra (see Figure 4.2-9) were observed that resulted in
the decrease of Stokes shift of about 10 nm.
Two factors have to be taken into account to explain the observed changes. First,
fluorescence intensity may decrease with ionic strength of the polymer environment. It is
expected to occur upon mixing the polymer solution with Ag hydrosol containing ions
originating from the reductant (NaBH4). The decreased Stokes shift may be explained by
increased rigidity of the polymer chains anchored to the nanoparticle surface. Adsorption of
the polymer on Ag nanoparticle leads to a limitation of vibrations of the polymer chains,
which are more solidly anchored to Ag nanoparticle compared with free polymer chains in
reference system (in water).
The observed decrease in the fluorescence intensity could be also explained by NP
induced fluorescence quenching. In the Ag/PEEP-I systems, there could be an equilibrium
between the polymer electrostatically attached to the NP surface and the free polymer
dissolved in water. Only the fluorescence of the minority of molecules, that are in contact
with the NP surface, would be quenched, while the emission of free molecules remains
unaffected. This could lead to only partial fluorescence quenching of the Ag/PEEP-I system.
However, the whole spectrum is blue shifted, showing that the majority of emitting molecules
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Figure 4.2-10. Emission spectra of the neat polymer (solid lines) and of the Ag/PEEP-I systems (dashed lines)
with various polymer concentrations obtained by five (black line), ten (red line) and fifteen (green line) times
dilution of 2.5 x 10-6 M Ag/PEEP-I system. The excitation wavelength was 352 nm.
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4.2.6. Conclusions
1.

The morphology, optical responses and stability (in an aqueous ambient) of Ag
NP/PEEP-I composite systems are influenced by the polymer concentration.
Attachment of the polymer to Ag NP surface by an electrostatic interaction
between the positively charged side-groups of the polymer chains and negatively
charged ions on the Ag NP surface is witnessed by the dependence of the rate of
Ag NP aggregates formation on the polymer concentration in the low
concentration range (5 x 10-7 M – 1 x 10-5 M). Fractal character of the deposited
aggregates is documented by their average fractal dimension D = 1.9 ± 0.1.

2.

Using optical excitations with laser line wavelengths matching the extinction band
of the fractal aggregates, intense and well resolved SERS spectra of the polymer
are obtained. The strong signal most probably originates from the hot spots formed
in the fractal aggregates occupied by the polymer chains.

3.

In systems with polymer concentrations higher than 10-5 M, relatively small
aggregates with a large interparticle distance are formed. Small size of the
aggregates is responsible for their stability in the hydrosol. Longer interparticle
distance in the aggregates with the increasing polymer concentration most
probably originates in the steric effects caused by non-adsorbed parts of the
polymer chains and results in a substantial decrease of SERS signal of the
polymer.

4.

A small decrease in fluorescence intensity of about 10 – 20 % accompanied by a
blue shift of the emission spectra was observed for diluted Ag/PEEP-I systems
showing SPE band typical of fractal aggregates. It was explained by (i) increased
ionic strength upon addition of the polymer into Ag hydrosol, (ii) increased
rigidity of polymer chains anchored to Au NPs and/or (iii) NP induced
fluorescence quenching.
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4.3. Polymer composites consisting of regioregular
poly(3-octylthiophene-2,5-diyl) and plasmonic metal
nanoparticles
In general, a two-phase synthesis approach has been adapted for the preparation of
polymer composites consisting of regioregular poly(3-octylthiophene-2,5-diyl), P3OT, and
Au or Ag NPs. This chapter compares optical and morphological properties of
nanocomposites prepared by mixing a metal NP organosol with the polymer solution
(composites type M) and nanocomposites prepared by in-situ reduction of a metal salt in the
polymer solution (composites type R). Au/P3OT weight ratio was 1/1 for both composites
since this ratio provided a narrow size distribution of Au NPs in Au/P3OT composite
prepared by similar procedure as composite type R according to ref.71.
In the first chapter (Chapter 4.3.1.), metal (Au and Ag) organosols, which were used
as precursors of composites type M, will be characterized. Surface plasmon extinction (SPE)
spectra and transmission electron microscopy (TEM) images will be discussed and
nanoparticle sizes obtained by TEM analysis and dynamic light scattering (DLS) for both
organosols will be compared. The effect of the phase-transfer reagent used in the organosol
preparation on the stability of the resulted sols and on the nanoparticle morphology will be
also described.
Chapters 4.3.2. and 4.3.3. are focused on a characterization of nanocomposites
containing Au and Ag nanoparticles, respectively. A number of techniques were used for
nanocomposites characterization including UV-Vis absorption spectroscopy, transmission
electron microscopy (TEM) and dynamic light scattering (DLS). A special attention was paid
to the effect of the type of phase transfer agent used in composite preparation as well as to the
effect of precipitation of composite solution in methanol and its redissolution in toluene, as
important steps in composite preparation, on nanoparticle morphology in the resulted
composites.
In the last chapter 4.3.4., Raman spectra of thin films of Au/P3OT and Ag/P3OT
composites are investigated. The spectra are interpreted in terms of the actual nanoparticle
morphology within the thin nanocomposite films. The spectral analysis is focused on several
characteristic bands, which are compared with the previously published results obtained for
similar systems. For Raman spectra measurements of Ag/P3OT composites, several excitation
lines were used to evaluate the magnitude of the surface enhancement of Raman scattering at
various wavelengths with regards to their UV-Vis spectra.
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4.3.1. Metal organosols – precursors for composite type M
4.3.1.1.
Au organosols
SPE spectra of Au organosols in toluene prepared with two different phase-transfer
agents, tetraoctylammonium bromide (TOAB) and tetradodecylammonium bromide (TDAB),
respectively, are shown in Figure 4.3-1. Although the positions of SPE maxima of both
organosols are at the same wavelength (λmax = 526 nm), the half-widths of the SPE band as
well as the magnitudes of the extinction at the SPE maximum mutually differ. The SPE band
of TDAB-stabilized Au organosol exhibits narrower band with a higher value of extinction at
the SPE maximum compared to the TOAB-stabilized Au organosol (see inset of
Figure 4.3-1). TDAB-stabilized Au organosols shows a better long-term stability (more than 1
year) without formation of any macroscopic Au aggregates. On the other hand, macroscopic
Au aggregates were found already during the preparation of TOAB-stabilized Au organosols.
The aggregates have a tendency to sedimentation, hence the magnitude of their SPE
extinction maximum is lower than that for TDAB-stabilized Au organosol. This result
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Figure 4.3-1. SPE spectra of Au organosols stabilized by (a) TOAB and (b) TDAB.
Spectra normalized at their maxima are shown in Inset for comparison of the band
half-width.

TEM images of Au organosols prepared using TOAB and TDAB are shown in
Figure 4.3-2. TOAB-stabilized NPs form a network of closely packed nanoparticles. Although
the presence of TOAB partially prevents nanoparticle aggregation into 3-D aggregates during
deposition, it is evident from Figure 4.3-2a that the separation distance between nanoparticles
is not uniform upon drying on microscopic grid and an overlap of some particles is clearly
observable. On the other hand, TDAB-stabilized Au NPs remain well separated even upon
71

Results and Discussion
drying on microscopic grid. A tendency of Au NPs towards two-dimensional assembling, in
which the individual particles have adopted the pseudohexagonal closely-packed
arrangement, is clearly observable in TEM image of the organosol (Figure 4.3-2b). Different
degree of self-assembling of TOAB- compared to TDAB-stabilized Au sols can be explained
by the different chain length of the phase transfer agents resulting in various hydrophobic
interactions. TDAB contains longer hydrophobic chains having higher affinity to carbon foil
of microscopic grid than TOAB.
Nanoparticle sizes determined by TEM and DLS measurement are presented in
Table 4.3-1. For both sols, the nanoparticle diameters determined by DLS measurement
exceed those determined by TEM image analysis. This increase in diameter can not be
explained by the presence of a layer formed by the phase-transfer reagent around the particle,
because, in that case one would expect a maximal difference of only about 1-2 nm. Therefore,
it is more probable that the solutions of Au organosols contain small associates of stabilized
nanoparticles rather than individual NPs. These associates of Au NPs are formed by mutually
interacting NPs which move jointly in the solution.
Finally, it should be noted that there is possibility that the organosol contains some
traces of water because it was not dried (to avoid losses of nanoparticles which accompany
the drying steps in organosol purification and desiccant separation). Therefore, the organosol
could contain the emulsion of water in toluene.
(a)

(b)

Figure 4.3-2. TEM images of Au organosols stabilized by (a) TOAB and (b) TDAB.

Au(TOAB) organosol
Au(TDAB) organosol

dTEM [nm]
5.6 ± 1.4
6.4 ± 2.4

dDLS [nm]
11.0 ± 1.6
11.3 ± 0.3

Table 4.3-1. Nanoparticle diameters in Au organosols
determined by TEM and DLS.
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4.3.1.2.
Ag organosols
Ag organosols in toluene
were prepared by procedures
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Figure 4.3-3. SPE spectra of TOAB-stabilized Ag organosol after the
preparation (black line) and 8 days after the preparation (red line).

pronounced sedimentation of macroscopic aggregates are observed even during the
preparation. As a result, the concentration of Ag NPs in the sol is very low with a
corresponding low optical extinction (typically below 0.15 in 1 cm cuvette) as documented in
Figure 4.3-3. SPE spectrum of freshly prepared TOAB-stabilized Ag NP organosols is
relatively narrow with a sharp band with a maximum at 414 nm. The spectrum develops in
time as witnesses in Figure 4.3-3: eight days after the preparation, SPE band is non-symmetric
with the maximum shifted to 418 nm. These spectral changes can be assigned to nanoparticle
aggregation.
When TDAB is used in Ag organosol preparation instead of TOAB, Ag NPs remain
stable for more than two months. Nevertheless, the aggregate formation and their
sedimentation were also observed during the preparation, in particular during stirring after the
addition of the reductant. To avoid losses of NPs from the organosol, the time of stirring after
the reductant addition was limited. After 5 min of stirring, the aqueous phase was removed in
separatory funnel. It was expected that the residual reductant was completely removed from
the organic phase together with the aqueous phase. The organosol was left to stay at
laboratory temperature and the time evolution of the SPE spectra was measured. Figure 4.3-4
shows the time-evolution of the SPE band of Ag organosol after the disruption of stirring. The
extinction gradually increases with time while the position of SPE band remains unchanged.
The extinction reaches the value of 2.1 after 5.5 h. After 5 days after the preparation, a further
small increase in extinction was observed and the SPE maximum was shifted to 419 nm. The
increase of the extinction during the time evolution shows that some traces of the reducing
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agent remain in the organosol even after the removal of aqueous phase. Slow rate of reduction
can be assigned to the different mechanism of reduction in the non-aqueous ambient
compared to the reduction in the aqueous ambient where the reduction is completed within an
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Figure 4.3-4. Time evolution of SPE spectra after the removal of aqueous phase
and stirring disruption during TDAB-stabilized Ag organosol preparation.

TEM images of Ag organosols prepared using TOAB and TDAB are shown in
Figure 4.3-5a and b, respectively. Ag NPs of the TOAB-stabilized Ag organosol
(Figure 4.3-5a) are randomly scattered on microscopic grid whereas NPs of the TDABstabilized Ag organosol (Figure 4.3-5b) arrange into 2-D assemblies analogous to the NPs
assemblies formed by Au organosols (Figure 4.3-2). The difference in nanoparticle
arrangement could be assigned to the differences in concentration of nanoparticles in Ag
organosols and/or in the dispersity of the nanoparticle sizes. Monodisperse Ag NPs in the
TDAB-stabilizes Ag organosol have higher tendency to form 2-D assemblies than
polydisperse NPs in the TOAB-stabilized Ag organosol.
Nanoparticle diameters determined from the TEM images (Table 4.3-2) of the
deposited Ag organosols stabilized by both phase-transfer reagents are very similar, but the
TOAB-stabilized Ag organosol exhibits a significantly broader size distribution compared
with the TDAB-stabilized Ag organosol. Nanoparticle diameters were also determined by
DLS measurement (Table 4.3-2). The diameter of TDAB-stabilized Ag NPs is larger than that
determined by TEM imaging, analogously to the case of the TDAB-stabilized Au NPs. The
diameter of TOAB-stabilized Ag NPs could not be determined by DLS because of the high
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polydispersity of the sample. The DLS results did not meet quality criteria for distribution
analysis and the mean values could not be determined.

(a)

(b)

Figure 4.3-5. TEM images of Ag organosols stabilized by (a) TOAB and (b) TDAB.

Ag(TOAB) organosol
Ag(TDAB) organosol

dTEM [nm]
7.6 ± 4.5
6.2 ± 1.1

dDLS [nm]
---17.0 ± 1.4

Table 4.3-2. Nanoparticle diameters in Ag organosols
determined by TEM and DLS.

In summation, TDAB used in the Ag organosol preparation leads to the fabrication of
monodisperse Ag nanoparticles. Generally, the production of monodisperse nanoparticles
requires a temporally discrete nucleation event which, in our case, can be achieved by the
rapid addition of the reducing agent (sodium borohydride) to the reaction vessel followed by a
slower controlled growth of the existing nuclei168. For Ag NPs larger than 25 nm in diameter,
a further nanoparticle growth should be accompanied by the shift of SPE maxima. However,
SPE maxima remain in the same position during the experiment. It indicates that small Ag
NPs with sizes up to 25 nm are produced. Moreover, the formed nanoparticles are highly
monodisperse as demonstrated by the TEM image (Figure 4.3-5b). Therefore, we speculate
that the nanoparticle formation could possibly occur in reverse micelles which consist of a
hydrophilic core containing some Ag+ species together with ions of the reducing agent and a
shell formed by hydrophobic alkyl chains of the phase-transfer reagent. The formation of
nanoparticles inside the micelles could explain the monodispersity of TDAB-stabilized Ag
NPs. It should be noted that the mechanism of the phase transfer of silver-containing species
into the organic phase is not clear since silver is originally present in the aqueous phase as a
cation.
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4.3.2. Characterization of Au/P3OT composites
4.3.2.1.
UV-Vis spectroscopy
UV-Vis spectra of toluene solutions of Au/P3OT composites type M are shown in
Figure 4.3-6a. The main absorption band of P3OT observed at 450 nm is consistent with the
known position of π → π* transition of the conjugated polymer chain. The spectra of the
composites resemble to the spectrum of neat polymer, the positions of absorption maximum
are the same as that for neat polymer and only distinct asymmetric broadening of the polymer
absorption band is observed when compared to the spectrum of pure P3OT. In particular, the
spectra of Au/P3OT composites type M show a substantially higher absorption in the regions
300 to 400 nm and 500 to 800 nm. The increase in extinction within these wavelength regions
is more pronounced for the composites obtained from TDAB-stabilized Au organosol. It
corresponds to a higher content of Au NPs in TDAB-stabilized Au organosol. Zhai et al.71
explained the extended absorption in the range 500 to 600 nm by a combined effect of two
factors: a long-range ordering of the polythiophene caused by self-assembling of the polymer
segments on metal NP surface, and by the SPE of Au NPs. Absorption spectra of highly
ordered chains of regioregular poly(3-hexylthiophene) show typical distinct vibronic
features169. In our case, an increased intermolecular interaction during the self-assembling of
the polymer was not confirmed as neither a spectral structuring nor a shift of absorption
maximum of the polymer was observed. Therefore, the increase of extinction in the red
spectral region corresponds to the SPE of Au NPs and/or Au NP aggregates (see
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Figure 4.3-6. UV-Vis spectra of Au/P3OT composites: (a) type M and (b) type R prepared by using two different
phase transfer agents. The spectra are normalized to their extinction maxima.
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UV-Vis absorption spectra of Au/P3OT composites type R and its constituents are
depicted in Figure 4.3-6b. AuCl4-/TOAB complex has a strong absorption band at 356 nm as
shown in Figure 4.3-6b (blue curve). This absorption band is characteristic of the metal-toligand charge-transfer band of AuCl4-complex ions18. The cyan curve corresponds to the
spectrum obtained by mixing AuCl4-/TOAB complex and polymer solution before the
reduction step. It is a simple superposition of the absorption bands of P3OT and of the
complex. Rapid injection of the reducing agent to the mixture of the complex and polymer
initiates the reduction of Au ions yielding composites type R. The spectra of both composites
type R are similar, only slightly higher extinction was observed around 550 nm for
Au(TDAB)/P3OT composite showing higher Au NP content in this composite than that in
Au(TOAB)/P3OT composite. The higher extinction between 600 and 850 nm of the solutions
of composites R compared to composites type M could be explained by a presence of larger
Au NPs or NP aggregates.

4.3.2.2.
Transmission electron microscopy (TEM)
Figure 4.3-7 shows the TEM micrographs of Au/P3OT composites type M and R,
both obtained using TOAB, before the precipitation in methanol. A common feature observed
in all obtained micrographs before precipitation is a presence of globular structures with the
concentration of NPs on their perimeter. Similar globular structures were observed earlier in
Au/P3OT blended film by Sarathy et al.170. The high density of NPs in the periphery was
explained by the non-uniform evaporation rate of the solvent within the droplet of composite
cast on a substrate and by a finite mobility of the NPs. The aggregation of polymer chains was
also taken into account. The aggregation can act as an effective force accelerating NPs motion
during the drying process, giving rise to the inhomogeneous radial distribution of the NPs170.

(a)
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(b)

Figure 4.3-7. TEM images of Au(TOAB)/P3OT composites type (a) M and (b) R before the precipitation in
methanol.

It was found that the formation of the globular structures is influenced by the presence
of a phase transfer reagent (tetraoctylammonium bromide) as well as P3OT in the solution of
Au/P3OT composites as confirmed by Figure 4.3-8. While the globular structures are not
present in TEM images of the Au organosol and the neat polymer, they are obvious in TEM
image (Figure 4.3-8) of the polymer containing TOAB of the same concentration as that used
in composite preparation. Thus, TOAB in
combination with the polymer plays the role
in a formation of such globular structures.
The dark structures may be identified as
drops of P3OT/TOAB mixture formed
during the drying of P3OT/TOAB solution
on microscopic grid. The contrast is possibly
given by the presence of Br atoms inside the
structures. Formation of globular structures
can be assigned to increased surface tension

Figure 4.3-8. TEM images of a film cast from a
solution of the P3OT with added TOAB.

due to the presence of ionic TOAB.
Au NPs in the composites are stabilized preferentially by bromide ions originating
from the phase-transfer reagent (TOAB). They show a high affinity towards Au surface.
Bromide ions interact electrostatically with ammonium cation of TOAB, but the stabilization
in organic solvent (toluene) is sterical through alkyl chains of TOAB. To ensure the
replacement of TOAB for P3OT, the composites have to be precipitated in methanol. The
precipitation plays an important role in composite preparation since the direct interaction
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between Au NPs and the polymer is needed to induce effective surface plasmon modified
photophysical phenomena in the polymer.
Figure 4.3-9 and Figure 4.3-10 show TEM images of Au NPs in the composite
samples after the precipitation in methanol and redissolution in toluene. At the first glance, it
is obvious that the globular structures disappeared. Au NPs in these composites are dispersed
more homogeneously over the surface of a microscopic grid. The tendency of Au NPs
towards two-dimensional assembling171 is clearly observable, manifesting itself as a
formation of regions with nearly regular interparticle spacing.
As a result, a question has just arisen if the interparticle space is filled by the polymer
and/or if the residual TOAB remained in the composites even after their precipitation and
redissolution. To answer this question, an elemental analysis was performed. The results from
the elemental analysis confirmed that the phase transfer reagent was mostly removed (the
sample contained less than 0.25% nitrogen and no Br was detected within the resolution of the
method).
Size distributions of Au NPs in Au/P3OT composites type M and R prepared using
two different phase-transfer reagents are compared in Figure 4.3-11. Both procedures led to
formation of small NPs (1 - 10 nm). Nanoparticle size distributions of Au/P3OT composites
type M are narrower and mean particle sizes are slightly smaller than those for composites
type R. In Au(TDAB)/P3OT composite type M, there is a great number of particles with sizes
between 2 – 4 nm. This fraction results in a lower value of median of nanoparticle sizes
(dmed = 3.4 nm) compared with that obtained for Au(TOAB)/P3OT composite M
(dmed = 4.2 nm). In both composites type R, there are observable fractions of particles with
sizes above 8 nm which are almost absent in the composites type M. The presence of these
particles in the composites R shifts the values of median of nanoparticle sizes to higher values
than those obtained for composites type M. The composite R prepared using TDAB contains
particles with smaller sizes than composite R prepared using TOAB similarly to composites
type M.
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(a)

(b)

Figure 4.3-9. TEM images of Au/P3OT composites type M prepared from (a) TOAB-stabilized Au organosol
and (b) TDAB-stabilized Au organosol.

(a)

(b)

Figure 4.3-10. TEM images of Au/P3OT composites type R prepared using (a) TOAB and (b) TDAB.
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Figure 4.3-11. Nanoparticle size distributions in Au/P3OT composites type M and R obtained using (a) TOAB
and (b) TDAB.
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4.3.2.3.
Dynamic light scattering (DLS)
The size of Au nanostructures in the composite solutions was also measured by DLS.
DLS provides bulk information: it means that DLS measurement is sensitive to the size of the
whole nanostructure present within the composite solution. Another advantage of DLS is that
this method avoids selective sampling which can occur in TEM measurement. On the other
hand, this technique has also inherent limitations (e.g., limited detectable size range) and
should not be expected to give particle diameters which are identical to the TEM
observations. DLS can serve as a very useful corroboratory technique in combination with
TEM and UV-Vis measurements.
Nanoparticle size distributions determined by DLS for Au/P3OT composite samples
are shown in Figure 4.3-12. Corresponding hydrodynamic diameters are presented in
Table 4.3-3. Generally, monomodal particle size distributions were obtained for all composite
samples except the composite type M prepared from the TDAB-stabilized Au organosol. The
average nanoparticle sizes of all samples are markedly larger than those obtained by TEM
measurements (Figure 4.3-11). It indicates that the solutions of composite samples contain
larger objects which may be formed by the bridging of Au NPs by the polymer. These
assemblies of Au NPs linked by the polymer chains thus show larger sizes in DLS experiment
compared to the sizes of individual Au NPs obtained by TEM. Composite type M prepared
from TOAB-stabilized Au organosol contains the assemblies with the smallest size
(d = (68.4 ± 1.1) nm). Composite type M prepared from TDAB-stabilized Au organosol
contains

two

particle

fractions:

the

smaller

one,

having

slightly

larger

size

(d = (17.1 ± 2.1) nm) than the size of Au NPs in the original TDAB-stabilized Au organosol
(d = (11.3 ± 0.3) nm), and the second one, having the size (d = (117.6 ± 1.7) nm) similar to
the size of assemblies in the composites type R (d = (105.7 ± 1.7) nm). Au/P3OT composites
type R prepared using both TOAB and TDAB have nearly the same particle sizes and particle
size distribution.

Au(TOAB)/P3OT
Au(TDAB)/P3OT

composite type M
d = (68.4 ± 1.1) nm
d1 = (117.6 ± 1.7) nm
d2 = (17.1 ± 2.1) nm

composite type R
d = (106.4 ± 1.4) nm
d = (105.7 ± 1.7) nm

Table 4.3-3. Hydrodynamic diameters in Au/P3OT composites determined by
DLS measurement.
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Figure 4.3-12. Nanoparticle size distributions determined by DLS for Au/P3OT composites type M (a,b) and type R
(c,d) obtained using TOAB (a,c) and TDAB (b,d).

4.3.3. Characterization of Ag/P3OT composites
4.3.3.1.
UV-Vis spectroscopy
UV-Vis spectra of Ag(TOAB)/P3OT composites type M and R are almost identical to
the spectrum of the neat P3OT (Figure is not shown). This can be explained by weak
extinction of TOAB-stabilized Ag organosol and by an overlap of the SPE band of Ag NPs
with the absorption band of P3OT, both having the maxima in the same wavelength interval.
By contrast, the spectra of composites prepared using TDAB show observable
differences from the spectrum of the neat polymer. Moreover, the precipitation of the
composite in methanol has an influence on the spectra of composites. The spectra of
Ag(TDAB)/P3OT composite type M before precipitation and its constituents (Ag organosol
and neat P3OT) are depicted in Figure 4.3-13. The spectrum of the composite taken
immediately after the mixing of both components exhibits the features of the Ag organosol.
The band is slightly broadened compared to that of the parent organosol. The band
broadening accompanied with a shift of SPE maxima occurs with increasing time of stirring
of the composite. SPE maximum is shifted from 419 for the parent Ag organosol to 428 nm. It
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could correspond to the interaction between the polymer chains and Ag NPs and/or
nanoparticle aggregation. Precipitation of the composite and its redissolution in toluene has an
essential impact on the composite spectrum. Firstly, the spectrum of composite loses the
features of Ag organosol and resembles the spectrum of the polymer as can be seen from the
inset of Figure 4.3-13. However, the difference between the spectra of the composite and neat
polymer can be seen in long wavelength region. For the composite, the increase in extinction
above 550 nm and a broad secondary band with a maximum around 800 nm are observed. It
could be assigned to the presence of large Ag NPs or NP aggregates.
The spectra of Ag(TDAB)/P3OT composite type R during NPs formation as well as
after precipitation are shown in Figure 4.3-14. Evolution of SPE spectra of the composite after
the reductant addition shows that first the absorption maximum of the polymer shifts towards
shorter wavelength and then the extinction increases with increasing time. We suspect that it
corresponds to the formation of smaller Ag NPs having SPE band with maximum at about
420 nm, overlapping with polymer absorption. Precipitation of the composite and its
redissolution in toluene has also influence on the composite spectrum, but the effect is
different from that observed for composite type M. The position of the SPE maximum of the
composite does not change, but the intensity of the main band decreases and, simultaneously,
the extinction in the red region increases. The increase in extinction above 550 nm could
correspond to the formation of Ag NP aggregates after the precipitation. We predict on basis
of SPE spectra of the composites that the size of aggregates in composite type R is smaller
than the aggregate size in the composite type M since elevated extinction background
observed in the spectrum of composite M corresponds to large, nearly macroscopic
aggregates. These aggregates approach the extinction characteristics of bulk silver. Contrary
to that, gradual decrease in extinction above 550 nm observed for the composite R resembles
a long-wavelength tail of SPE spectrum of Ag hydrosol upon addition of chloride ions which
cause the formation of small compact Ag aggregates121, 172.
Interestingly, such influence of precipitation on the spectra was not observed in the
case of Au/P3OT composites. Thus, it can be suspected that the phase transfer reagent and/or
the polymer have different affinity to nanoparticles of gold and silver, affecting the removal
of the phase transfer agent during the precipitation. Moreover, the preparation method of
composites seems to have also an influence on the morphology of nanoparticles in the
resulted composites. To be able to discuss these speculations, the predicted nanoparticle
morphology had to be confirmed by the TEM measurement followed by EDAX.
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Figure 4.3-13. SPE spectra of Ag(TDAB)/P3OT composite type M taken immediately after the mixing of
component (green line), 120 min after the mixing (purple line) and after the precipitation in methanol and
redissolution in toluene (blue line). SPE spectrum of Ag organosol (black line) and absorption spectrum of neat
polymer (red line) are plotted for comparison. Comparison of absorption spectrum of the neat polymer (red line)
and SPE spectrum of the composite after the precipitation and redissolution in toluene (blue line) is shown in
Inset.

1.2

433

442
447

1.0

Extinction

0.8

0.6

0.4

0.2

0.0
300

400

500

600

700

800

Wavelength [nm]

Figure 4.3-14. SPE spectra of Ag(TDAB)/P3OT composite type R taken 5 min after reductant addition (red
line), 120 min after reductant addition (green line) and after the precipitation in methanol and redissolution in
toluene (blue line). Absorption spectrum of the neat polymer is depicted as a black line.
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4.3.3.2.
Transmission electron microscopy (TEM)
At first, the morphology of Ag NPs in Ag/P3OT composites obtained using TOAB
before and after the precipitation will be discussed. TEM images of these composites are
depicted in Figure 4.3-15. Similarly to Au NPs containing composites, the globular structures
are observed in TEM images (Figure 4.3-15a,b) of Ag/P3OT composites before the
precipitation. However, the density of particles is much lower compared to Au/P3OT
composites. It corresponds to the decrease in NPs content during the composite preparations.
In Ag/P3OT composite type R, markedly more NPs are found outside globular structures
(Figure 4.3-15b). After the precipitation and redissolution in toluene, the globular structures
disappear and the NPs are scattered over the whole image (Figure 4.3-15c,d). The image
analysis of NP sizes (Figure 4.3-16) shows that both procedures lead to very small
nanoparticles of similar size, d ≈ 3 nm, for both composites.

(a)

(b)

(c)

(d)

Figure 4.3-15. TEM images of Ag(TOAB)/P3OT composites type M (a,c) and type R (b,d) before the
precipitation (a,b) and after the precipitation in methanol and redissolution in toluene (c,d).
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Figure 4.3-16. Nanoparticle size distributions in Ag(TOAB)/P3OT
composites (a) type M and (b) type R.

Figure 4.3-17 shows the TEM images of Ag NPs in Ag(TDAB)/P3OT composites
before the precipitation as well as after the precipitation and redissolution in toluene.
Surprisingly, the globular structures are not observed even before precipitation
(Figure 4.3-17a,b). The isolated particles are localized in small 2-D assemblies. The
precipitation has significant influence on the nanoparticle morphology. In case of composite
type M, the particles have tendency to aggregate into large aggregates with sizes in order µm
(Figure 4.3-17c). The detail image (Figure 4.3-17e) shows that these aggregates are formed by
intergrown particles. Aggregate formation occurs also in composite type R after the
precipitation as shown in Figure 4.3-17d. Nevertheless, the aggregates are smaller in size.
They are formed by larger intergrown particles surrounded by smaller separated particles.
The results presented above show that preparation procedure influences significantly
the morphology of Ag NPs in the resulted Ag(TDAB)/P3OT nanocomposites in contrast to
Au/P3OT composites. In case of composites type M, the particles are originally stabilized by
the phase-transfer agent (TOAB or TDAB). Mixing of particles with P3OT should lead to a
stabilizer exchange, replacement of the molecules of phase transfer agent by the polymer
chains. Removal of phase-transfer agent by precipitation in methanol should lead to
composites containing metal NPs stabilized mostly by the polymer. The presence of small
separated Au NPs in Au/P3OT composites (Figure 4.3-9) indicates that P3OT acts as a good
stabilizer of Au NPs. On the other hand, the presence of large intergown aggregates in
Ag(TDAB)/P3OT composites type M shows that P3OT only poorly stabilizes Ag NPs in this
composite and, therefore, the removal of the phase transfer agent by precipitation leads to
fusion of particles. Another possible explanation for the presence of such large aggregates can
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be formation of Ag Br species on Ag NP surface since bromide ions have a good affinity
towards Ag surface168. To confirm this hypothesis, EDAX analysis has to be performed.
In case of in situ preparation of composites type R, it is believed that the particles are
stabilized by the polymer and/or by the phase-transfer agent since both possible nanoparticle
stabilizers are present in the course of the formation of nanoparticles during the in situ
preparation. The presence of small Ag NPs and smaller NP aggregates in Ag(TDAB)/P3OT
composites type R compared to large intergrown aggregates in composites type M shows that
in situ procedure seems to be more suitable for the preparation of composites containing Ag
NPs than merely mixing of the components since the stabilization of nanoparticles by the
polymer in the composites type R is more efficient than in the composite type M. In
summary, while both procedures can be used for the preparation of composites containing Au
NPs, in situ procedure is more suitable for the preparation of polymer composites containing
Ag NPs.
TEM imaging was followed by EDAX analysis to elucidate possible formation of
AgBr species on Ag NP surface in Ag/P3OT composites. EDAX analysis (Figure 4.3-18)
showed that bromide ions remain in the Ag(TDAB)/P3OT nanocomposites even after the
precipitation. Since EDAX is sensitive to the species present only on the surface of strongly
electron absorbing material in the focused electron beam, the observed signal can be ascribed
to the Br atoms present on Ag NP surface. It thus confirms the affinity of bromide ions to
silver surface leading to formation of bromide-modified Ag NPs and these bromides cannot
be removed by purification. The adsorbed bromides on the Ag NP surface facilitate the
formation of intergrown aggregates (Figure 4.3-17c-f) after Ag/P3OT composite purification.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.3-17. TEM images of Ag(TDAB)/P3OT composites type (a,c,e) M and (b,d,f) R before the
precipitation (a,b) and after the precipitation in methanol and redissolution in toluene (c-f).
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(a)
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0.4
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16.4
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1.4
0.5
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10.2

(b)
Element
C
O
Br
Si
S
Cu
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Weight %
13.7
1.0
2.1
0.4
0.6
69.0
13.1

Atomic %
46.2
2.6
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0.7
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4.9

Figure 4.3-18. EDAX spectra of Ag NP aggregates in Ag(TDAB)/P3OT composite (a) type M and (b) type R
after the precipitation in methanol and redissolution in toluene.
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4.3.3.3.
Dynamic light scattering (DLS)
Hydrodynamic diameters determined for Ag/P3OT composites are shown in
Table 4.3-4. Similarly to Au NPs containing composites, the diameters found by DLS
markedly exceed the values obtained from TEM imaging. It indicates that Ag NPs in
composite solutions are present in larger assemblies or in associates formed by the NPs and
by the polymer. The largest hydrodynamic diameter is obtained for Ag(TDAB)/P3OT
composite type M. It is in agreement with TEM observation where large intergrown Ag
aggregates are present (Figure 4.3-17c). Smaller diameter of nanoparticle assemblies was
found for Ag(TOAB)/P3OT composite type M. For composites type R, bimodal size
distributions were obtained. Smaller sizes of both nanoparticle fractions were observed for
Ag(TDAB)/P3OT composite compared to the sizes of Ag(TOAB)/P3OT composite. For
Ag(TDAB)/P3OT composite type R, the hydrodynamic diameter of fraction of particles with
smaller size could correspond to small separated nanoparticles and/or small aggregates of
several particles which were found in TEM image of this composite (Figure 4.3-17d). The
second nanoparticle fraction with larger hydrodynamic diameter could be assigned to larger
NP aggregates which were also observed in TEM image together with small NPs.

composite type M
Ag(TOAB)/P3OT
Ag(TDAB)/P3OT

composite type R

d = (248.56 ± 14.27) nm d1 = (96.65 ± 7.60) nm
d2 = (374.35 ± 7.87) nm
d = (867.93 ± 50.38) nm d1 = (21.52 ± 4.25) nm
d2 = (90.93 ± 2.67) nm

Table 4.3-4. Hydrodynamic diameters in Ag/P3OT composites determined by DLS
measurement.
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4.3.4 Raman spectroscopy
4.3.4.1.
SERS spectra of Au/P3OT composites
Raman spectra of Au(TOAB)/P3OT composites as well as of the neat polymer are
shown in Figure 4.3-19a. The spectra were measured from thin films prepared according to
the procedure described in Chapter 3.3. The positions of the most characteristic bands were
assigned on the basis of earlier published results of SERS spectral measurements of
polyalkylthiophenes cast on roughened gold electrodes126,

173

. The most intensive bands at

1444 cm-1 and 1380 cm-1 were assigned to the Cα = Cβ symmetric stretching mode and to the
Cβ - Cβ´ single bond stretching mode of the thiophene ring, respectively. The ratios of the
integral intensities of these two bands for composite samples, known to be sensitive to the
polymer oxidation126, 174, remained the same in both types of the composites as for the neat
P3OT. The band at 727 cm-1 (C-S-C ring bending) as well as the positions of Raman bands at
1509, 1208, 1198, 1182, 1090, 1013 and 598 cm-1 are the same as those reported for P3OT,

1444

1445

e.g. in the paper by Baibarac and coworkers173.
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Figure 4.3-19. Raman spectra of (a) Au(TOAB)/P3OT composites and (b) Au(TDAB)/P3OT composites taken with
632.8 nm excitation wavelength. Composites type M are depicted as red curves, composites type R as green curves,
neat P3OT (black curves) are shown for the comparison.

It is obvious that Raman spectra of the composite samples yielded enhanced Raman
signal with clearly observable bands typical for polythiophene (Figure 4.3-19). The integrated
relative intensities of the most intense Raman bands at 1444 cm-1 are more than ten times
higher for the composites compared to the pure polymer (as follows from the results of the
band decomposition and integration procedure). The enhancement is more pronounced for
composite type M compared to that for composite type R. To enable an explanation of
different surface enhancement of Raman scattering of each of the composite samples, the
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morphology and optical responses of Au NPs in the thin films of composite samples have
been investigated by SPE spectral measurements and SEM imaging.
Firstly, UV-Vis (i.e. SPE of Au NPs and polymer absorption) spectra of the
composites were measured on the same films as employed for the Raman measurement.
These spectra as well as the absorption spectrum of the neat polymer are compared in
Figure 4.3-20a. The spectra of the composites show an increased extinction compared to the
absorption of the neat polymer. It can be ascribed to the SPE of Au NPs or NP aggregates.
Moreover, the extinction above 700 nm for composite type M is slightly higher than that for
composite type R. Since extinction in this wavelength region mostly corresponds to the
presence of nanoparticle aggregates, its increase could indicate that composite M has a higher
content of the aggregates than composite R.
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Figure 4.3-20. SPE spectra of thin films of (a) Au(TOAB)/P3OT composites and (b) Au(TDAB)/P3OT
composites. Composites type M are depicted as red curves, composites type R as green curves and neat P3OT black curves is shown for the comparison.

SEM images of composite films (Figure 4.3-21a, b) show that the morphologies of Au
NPs in each of them are, indeed, different. In composite type M, large NP aggregates together
with small aggregates or isolated particles are observed. The presence of large aggregates was
also confirmed by optical microscopy imaging during micro-Raman spectra measurement.
This observation is somewhat surprising, because only small isolated Au NPs were found in
the TEM images of the deposited composite (Figure 4.3-9a). It should be mentioned that the
preparation of films by spin-coating technique was repeated and the same morphology of
composite type M was obtained. It thus seems that an application of the spin-coating
technique of the film preparation plays a key role in the formation of such Au NP aggregates
in these composites since it is generally known that morphology of polythiophene layer
depends strongly on the condition of film preparation, namely, on the rate and duration of
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solvent vaporization175. On the other hand, such large aggregates are not present in the film of
composite type R, which is constituted by small aggregates of Au NPs.

(a)

(b)

(c)

(d)

Figure 4.3-21. SEM images of films of Au(TOAB)/P3OT composites type (a) M and (b) R
and of Au(TDAB)/P3OT composites type (c) M and (d) R.

The surface enhancement of the polymer Raman signal observed for these composite
samples can be now more clearly explained. The enhancement is more pronounced for
composite type M since it contains large NP aggregates. These aggregates can act as the
carriers of „hot spots“, i.e. strong, nanoscale localized optical fields, from which strongly
enhanced SERS signal of the polymer originates. The enhancement can be explained by an
electromagnetic amplification mechanism in the presence of the plasmonic nanostructures
(large Au NP aggregates for composite type M and small Au NP aggregates for composite
type R). The absence of any shifts of the polymer Raman bands in the composites compared
to the pure polymer indicates that the polymer is not chemisorbed on Au NPs. Therefore, the
observed enhancement can be attributed only to the electromagnetic (EM) mechanisms of
SERS. The largest contribution to the SERS signal originates from the polymer segments
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localized in the vicinity of Au NPs surfaces, or even more probably, in the strong optical
fields localized in interstices between the rather closely spaced Au NPs.
Raman spectra of composites prepared by using TDAB were also obtained with the
632.8 nm excitation. Raman spectra (Figure 4.3-19b) of the composite samples show no
detectable enhancement of the Raman signal of the polymer. SPE spectra and corresponding
SEM images of the composites are shown in Figure 4.3-20b and Figure 4.3-21c,d. The
morphologies of Au NPs in both composite samples M and R are very similar: small Au NPs
and/or small NP assemblies are observed. Therefore, the lack of the enhancement of Raman
signal obtained with 632.8 nm excitation can be explained by the absence of nanoparticle
aggregates in the spin-coated samples of the Au(TDAB)/P3OT composites.

4.3.4.2.
SERS spectra of Ag/P3OT composites
Raman spectra of thin films of Ag/P3OT composites spin-coated on glass substrates
have been measured and interpreted. For the Ag/P3OT composites prepared using TOAB, no
changes in Raman spectra were observed. It was attributed to a low content of Ag NPs in the
resulted composites and to the small size of nanoparticles (less than 3 nm). Such small
nanoparticles do not show surface plasmon resonance.
On the other hand, Raman spectra of Ag/P3OT composites prepared using TDAB
revealed some interesting features. Prior to the interpretation of Raman measurements, a
special attention was paid to SPE spectral measurements and SEM imaging of composite
films since variations of the plasmonic metal nanoparticle morphologies and their optical
responses can substantially influence the Raman signal enhancement, as it was demonstrated
in the previous chapter.
UV-Vis spectra (SPE of Ag
0.24
514 nm

NPs and polymer absorption) of the
films of Ag(TDAB)/P3OT composites

depicted in Figure 4.3-22. First, a
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Figure 4.3-22. SPE spectra of Ag(TDAB)/P3OT composites
type M (red curve) and R (green curve). Absorption spectrum
of neat P3OT film (black curve) is shown for comparison.
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composite type M is similar to the absorption spectrum of neat P3OT; however, an increase in
extinction in spectral regions 340 – 470 and 600 – 800 nm is observed for the composite. This
increase could correspond to the presence of Ag NP aggregates rather than of isolated NPs.
Compared with the spectrum of the neat P3OT, the spectrum of composite R (green curve)
contains the additional band in the 360 – 450 nm spectral range. It could be assigned to the
extinction of small isolated Ag NPs (for example, SPE band of a hydrosol containing ca. 9 nm
Ag NPs shows a maximum at 398 nm) and smaller aggregates.
SEM images (Figure 4.3-23) show the morphology of Ag NPs in composite films. The
morphological features of the spin cast films are analogous to those observed earlier in the
TEM images of the composites deposited on carbon coated grid (Figure 4.3-17). In particular,
the composite type M contains large fused Ag NP aggregates while small isolated Ag NPs or
smaller aggregates are found in composite type R. Different morphology of the composite
samples could cause a different localization of electric field intensities upon laser excitation.
(a)

(b)

Figure 4.3-23. SEM images of spin cast films of Ag(TDAB)/P3OT composites (a) type M
and (b) type R.

Raman spectra of the composites type M and R and of the neat polymer (Figure
4.3-24) were measured at various laser excitation wavelengths (441.6, 514.5 and 632.8 nm) to
evaluate the Raman signal enhancement to the observed spectra.
Excitation with 632.8 nm wavelength. The spectra of the Ag/P3OT composites type M
and R as well as of the neat polymer taken with 632.8 nm wavelength depicted in
Figure 4.3-24c are identical. The wavenumbers of all bands are the same in the spectra of the
composites as in the spectrum of the polymer. Therefore, chemisorption of the polymer on Ag
NPs and the possibility of formation of a charge-transfer complex can be excluded. Moreover,
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Figure 4.3-24. SERS spectra of Ag(TDAB)/P3OT composites type M (red spectra), type R (green spectra) and
Raman spectra of neat P3OT (black spectra) measured at various excitation lines.
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the wavenumbers of Raman bands are in agreement with those observed in the spectra of
Au/P3OT composites and neat polymer excited at the same wavelength (632.8 nm, see
Figure 4.3-19). The most intense bands at 1383 and 1446 cm-1 are assigned to Cβ-Cβ
stretching and Cα=Cβ ring stretching vibrations126,

173

, respectively, and they are denoted

within the text as band A and B.
Excitation with 441.6 nm wavelength. The Raman spectra of Ag/P3OT composites and
neat polymer are depicted in Figure 4.3-24a. At a first glance, the substantial changes occur in
these spectra in comparison to those excited at 632.8 nm (Figure 4.3-24c). Namely, the
position and/or the shape of the band B change. In the spectra of the neat polymer and
composite type M, the band B at 1450 cm-1 is markedly asymmetric with a shoulder around
1470 cm-1, while in the spectrum of composite type R, this shoulder increases in intensity and
determines the actual position of the band B. Therefore, a relatively large shift of the band B
is observed (from 1450 cm-1 to 1469 cm-1).
It should be mentioned that the spectra of the neat polymer and composite type M
resemble the Raman spectrum of P3OT obtained at 457 nm excitation in ref.176, in which a
similar shoulder has been observed. The main band and the shoulder can be related to the
different polymer structures. In ref.177, two limiting molecular conformations of the polymer
side chain are described. The ordered structure corresponding to the planar conformation of
the thiophene main chains with all-trans methylene side chains at low temperatures gives rise
to the absorption band at about 500 nm. A blue shift of the absorption band is observed for the
disorder twisted main chain conformation with random-coiled methylene side groups at high
temperatures. At room temperature (our case), both structures coexist in the polymer sample.
Upon 441.6 nm excitation, Raman spectra of the polymer chains with short conjugation
lengths (disordered structures) are resonantly excited. It can be proposed that the shoulder at
1470 cm-1 is probably related to this disordered structure. It seems that the presence of small
isolated Ag NPs and small aggregates in the composite type R affects the crystallinity of the
polymer chains and therefore the shoulder at 1470 cm-1 in this composite dominates in
comparison to the spectra of the neat polymer and the composite type M. Furthermore, the
shift of the band B from 1446 (632.8 nm excitation) to 1450 cm-1 (441.6 nm excitation)
observed for the neat polymer and composite type M can be related to the effect of Raman
dispersion or to the presence of a small fraction of disordered structure with shorter
conjugation length which manifests itself by a shoulder at 1470 cm-1.
In the spectra of the neat polymer as well as of both composites, a new band at
1520 cm-1 (1525 cm-1) denoted as band C emerges. In particular, the wavenumber of the band
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C in the Raman spectra of neat polymer and the composite M is 1520 cm-1, while a shift of
this band to 1525 cm-1 is encountered in the spectrum of composite R. This band is assigned
to the Cα´=Cβ´ ring stretching vibration178. A question has arisen if the shift of this band C is
related to the shift of the band B. The answer to this question has emerged from interpretation
of the Raman spectra measured with 514.5 nm excitation.
Excitation with 514.5 nm wavelength. Raman spectra of the neat polymer and the
composites obtained using 514.5 nm excitation wavelength are shown in Figure 4.3-24b. The
spectrum of the neat polymer shows the B-band position at the same wavenumber (1450 cm-1)
as that excited at 441.6 nm but without the shoulder at 1470 cm-1. For composites M and R,
the shifts of the band B with respect to the band for the neat polymer are observed. The most
pronounced shift of the band B to 1458 cm-1 is observed for composite M, while in composite

R, this band is shifted to 1455 cm-1. The band C simultaneously shifts to higher wavenumbers
in comparison with that for the neat polymer (1519 cm-1 (P3OT) → 1522 cm-1 (R) →
1524 cm-1 (M)). It is thus clearly seen that the shift of the band C is related to the shift of the
band B. The simultaneous shifts of bands B and C in the spectra of the composites are
consistent with their assignment since the bands belong to the Cα=Cβ and Cα´=Cβ´ stretching
vibrations of thiophene ring, respectively.
The origin of appearance of the band C and the changes of the band B with excitation
wavelength have been examined on bases of determination of relative band intensities ratios
I(B)/I(A) and I(C)/I(A). The ratios were related to the intensity of the band A since its
intensity and position remains unchanged for all used excitation wavelengths. This analysis
could provide the elucidation if the molecular resonance and/or EM enhancement of SERS,
relation to the presence of disordered structures are responsible for the observed spectral
changes.
The values of ratios of I(B)/I(A) and I(C)/I(A) band intensities are presented in
Table 4.3-5 and Table 4.3-6. For the neat polymer, only the molecular resonance enhancement
is expected. The ratio I(B)/I(A) decreases as the excitation wavelength increases. The lowest
value is achieved at 632.8 nm excitation since this excitation wavelength only poorly matches
the absorption spectrum of the polymer. The 514.5 nm excitation wavelength falls nearly into
the maximum of the absorption spectrum of the polymer and therefore the maximal value of
the ratio I(B)/I(A) should be achieved. However, the larger value of the ratio I(B)/I(A) is
obtained at 441.6 nm excitation. It can be explained by the presence of the polymer
disordered structures which are resonantly enhanced at this excitation and which manifest
itself as a shoulder of the band B. Therefore, the intensity of this band is larger at 441.6 nm
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excitation than that obtained using 514.5 nm excitation. Also the value of the ratio I(C)/I(A)
has larger value at 441.6 nm excitation than that obtained using 514.5 nm excitation.
The values of the ratio I(B)/I(A) determined for both composites for 632.8 nm
excitation are similar to the value determined for the neat polymer. For composite type R, the
values of the ratio I(B)/I(A) increase with decreasing excitation wavelength analogously with
these values determined for the neat polymer. However, the values determined for 514.5 and
441.6 nm excitations are much greater than those for the neat polymer. Moreover, the
increasing trend of values of ratio I(B)/I(A) with decreasing excitation wavelength is not
fulfilled for composite type M since the maximal value is achieved for 514.5 nm excitation
wavelength. The values of the ratio I(C)/I(A) for composites exhibit also differences in
comparison to those determined for the neat polymer: for composite type R, the values are
greater than those for the polymer and, for composite type M, the maximal value is achieved
at 514.5 nm excitation. The described changes in the values of ratios I(B)/I(A) and I(C)/I(A)
show that the Raman signal enhancement can not be explained only by molecular resonance
contribution. Therefore, the contribution of surface-enhancement could be considered.

I(B)/I(A)

Sample
λexc = 441.6 nm

λexc = 514.5 nm

λexc = 632.8 nm

neat P3OT

18

11

8

composite type M

14

30

11

composite type R

31

18

9

Table 4.3-5. Mutual ratios of the B and A bands intensities.

I(C)/I(A)

Sample

λexc = 441.6 nm λexc = 514.5 nm
neat P3OT

0.7

0.2

composite type M

0.4

0.6

composite type R

1.2

0.3

Table 4.3-6. Mutual ratios of the C and A bands intensities.

The SPE spectra of the composites (Figure 4.3-22) as well as the morphologies of Ag
NPs in the composite samples (Figure 4.3-23) have to be considered for elucidation of
surface-enhancement of their Raman signal. The excitation at 441.6 nm coincides with
extinction of Ag NPs manifesting itself as a shoulder between 375 – 445 nm in the SPE
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spectrum of the composite type R while 514.5 nm excitation matches the SPE spectrum of the
composite type M containing large aggregates (Figure 4.3-22) showing extinction above
500 nm. From the ratios of the I(B)/I(A) band intensities (Table 4.3-5) it is seen that the ratio
reaches the maximal value when the laser excitation wavelength coincides with the SPE
spectral features (bands or shoulders) of the particular composite sample. For the composite
type M, the maximal value of the ratio I(B)/I(A) is achieved at 514.5 nm excitation while for
the composite type R the maximal value corresponds to 441.6 nm excitation. Similarly, the
ratio I(C)/I(A) (Table 4.3-6) is maximal for the cases when the excitation coincides with SPE
spectral features of the particular composite sample.
In summation, the observed changes in Raman spectra of Ag/P3OT composites, in
particular the change in both the shape and intensity of the band B and appearance of the band

C, can be ascribed to the combination of molecular resonance and surface-enhancement
electromagnetic contributions. At 441.6 nm excitation, disordered structures of the polymer
with shorter conjugation length are resonantly enhanced. For the composite type M, the
molecular resonance enhancement dominates the spectral pattern, since the extinction of Ag
nanostructures in this composite is only very weak at this wavelength. The resonance
enhancement manifests itself as a shoulder of the band B at 1470 cm-1. On the other hand, for
the composite type R, this shoulder becomes the main band. This band, apparently, gains its
spectral intensity from both the molecular resonance and from surface-enhancement, since the
441.6 nm excitation wavelength coincides with a pronounced extinction of Ag nanostructures
present in this composite. Therefore, it is expected that the polymer chains with shorter
conjugation length are preferentially localized in the interstices of Ag NPs and/or NP
aggregates. At 514.5 nm excitation, the surface-enhancement is achieved for the composite
type M since the excitation wavelength matches the extinction of large intergrown aggregates
which are present in the composite. Furthermore, the shift of the band B is related to the shift
of the band C. It can be explained by the fact that the bands are assigned to the Cα=Cβ and
Cα´=Cβ´ stretching vibrations of thiophene ring, respectively.
In the previously published papers, SERS spectra of polyalkylthiophenes were
obtained on a roughened Ag electrode123,

124, 174

as well as in Ag colloid126 at 514.5 nm

excitation wavelength. Electrodeposition of P3OT film onto Ag plates led to the amplification
of Raman bands of the polymer which was assigned to SERS effect combined with a
resonance contribution. The shifts of Raman bands were not observed. For measurement of
SERS spectra of P3OT (dissolved in THF) in Ag hydrosol the addition of sodium nitrate was
required which caused the aggregation of the hydrosol. Well resolved SERS spectra recorded
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at 514.5 nm laser excitation were obtained at very low concentration of the polymer
(10-7 - 10-8 M). The most significant changes in Raman spectrum accompanied by the shifts of
Raman bands were observed for polymethylthiophene126; in particular, the shift of the band B
to 1461 cm-1 was found. These published results obtained for polyalkylthiophenes adsorbed
on Ag NPs are in a good agreement with observation obtained for the composite type M at the
same excitation wavelength (514.5 nm) in this study. There is thus the evidence that the
polymer chains are in interaction with Ag NP aggregates or, alternatively, that the polymer
chains are localized in hot spots of Ag NP aggregates.

4.3.5. Conclusions
1.

Phase transfer agent used in organosol preparation influences the stability of the
metal NPs during as well as after the preparation. While both TDAB and TOAB
can be used for the preparation of Au organosols, for Ag organosol preparation it is
better to use TDAB since Ag organosol prepared using TOAB is non-stable in
time.

2.

Precipitation of composite solutions in methanol (step in composite preparation)
has significant impact on NPs morphology. Globular structures with the
concentration of Au NPs on their perimeter were present in Au/P3OT composites
before precipitation while well separated particles were observed after the
precipitation and redissolution of composites. It was found that the formation of
such globular structures is influenced by the presence of a phase transfer reagent
(tetraoctylammonium bromide) as well as P3OT in the solution of Au/P3OT
composites. In Ag/P3OT composites prepared using TDAB, formation of large
intergrown nanoparticle aggregates was observed after the composite precipitation
and its redissolution.

3.

The difference in morphology of NPs in the resulted Au/P3OT and Ag/P3OT
composites (small separated particles in Au/P3OT composites and large aggregates
in Ag/P3OT composites) was assigned to higher adsorption affinity of bromide
ions originated from the phase transfer agent to Ag NP surface compared with that
to Au NP surface. Bromide ions can not be removed from Ag NP surface by
precipitation and, therefore, intergrown NP aggregates are formed in Ag/P3OT
composites.
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4.

The presence of smaller NP aggregates and small isolated Ag NPs in Ag/P3OT
composites type R compared to large intergrown aggregates in composites type M
indicates that in situ procedure seems to be more suitable for the preparation of
P3OT composites containing Ag NPs than merely mixing of the components since
the stabilization of nanoparticles by the polymer in the composites type R is more
efficient than in the composite type M. On the other hand, both procedures can be
equally used for the preparation of P3OT composites containing Au NPs since they
provide similar nanoparticle size and nanoparticle size distribution.

5.

SERS spectra of the composites of P3OT and metal NPs showed to be strongly
affected by the morphology of metal NPs in the composite films. Interestingly,
more than ten-fold enhancement of Raman scattering for Au/P3OT composite type

M containing large nanoparticle aggregates was observed upon excitation with
632.8 nm wavelength. It was attributed to the EM mechanisms of SERS.
SERS/SERRS spectral probing of Ag/P3OT composites type M and R enabled to
pinpoint the mutual difference in the polymer structures encountered within each
of them, in particular the dominance of the disordered structure in the composite
type R.
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4.4. Polymer composites containing Au nanoparticles and poly[2methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
This Chapter is focused on the preparation and characterization of hybrid materials
consisting of Au NPs and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV). The composites were prepared using similar procedures as the composites with
P3OT (Chapter 4.3.). Briefly, simple mixing of Au nanoparticle organosol with the polymer
solution of various concentrations was used for obtaining composites type M while
composites type R were prepared by an in situ reduction of metal ions in the presence of the
polymer solutions of various concentrations. The optical and morphological properties of both
types of hybrid materials will be compared and advantages/disadvantages of the preparative
methods will be shown and discussed in this chapter. Finally, the properties of these
composites will be compared with those obtained for P3OT.

4.4.1. Morphologies of Au nanoparticles in organosol and composites with
MEH-PPV
4.4.1.1.
Parent Au organosol
Since dichloromethane (DCM) is a commonly used solvent for alkoxy-substituted
PPVs, contrary to P3OT composites, Au NPs had to be prepared in DCM. TEM image and
corresponding nanoparticles size distribution of the parent Au organosol in DCM is shown in
Figure 4.4-1. It contains small, mostly isolated Au NPs with the average size of 4 nm.
Compared to TOAB-stabilized Au organosol in toluene, the particles in DCM are smaller than
those prepared in toluene (d = (5.6 ± 1.4) nm).
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Figure 4.4-1. TEM image and nanoparticles size distribution of the parent Au organosol in DCM.
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4.4.1.2.
Nanocomposites type M
Representative TEM images and nanoparticle size distribution diagrams (Figure 4.4-2)
clearly show that the morphology of Au NPs in nanocomposites M markedly depends on the
polymer concentration. Well-separated small Au NPs of the mean size (d = (4 ± 1) nm) are
observed in the nanocomposite M1 (higher polymer concentration, Figure 4.4-2b), having the
size distribution practically identical with that of the parent Au organosol (Figure 4.4-1). On
the other hand, large Au NPs and small compact aggregates consisting of several NPs with the
overall mean size (d = (10.2 ± 5.3) nm) and a broad size distribution are observed in the
nanocomposite M7 (Figure 4.4-2a), in which the polymer concentration is seven times lower
than that in M1. This observation suggests that polymer molecules take part in the
stabilization of Au NPs after the removal of the original stabilizer (TOAB) from the system
during the precipitation and purification of the nanocomposite. The preformed small Au NPs
are well dispersed in the polymer-rich system M1 but poorly stabilized in the polymer-poor
system M7, in which they undergo subsequent assembling to aggregates or they even fuse to
larger NPs. This means that the morphology of Au NPs in a M-type nanocomposite is
strongly affected by the polymer/Au-NPs ratio.
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Figure 4.4-2. TEM images and nanoparticles size distributions of Au NPs for nanocomposites (a) M7 and
(b) M1 with the Au/MEH-PPV ratio 7/1 and 1/1, respectively.
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4.4.1.3.
Nanocomposites type R
Figure 4.4-3 shows TEM images of nanocomposites R1 to R7 with various
Au/polymer ratio, and nanoparticles size distribution diagrams of isolated particles in
nanocomposites R7 and R2.3, for which corresponding nanoparticles size distributions could
be determined. TEM images indicate entirely different dependence of the nanoparticle
morphology on the polymer concentration, almost opposite to that one observed in the
nanocomposites M. In the composite R7 containing the lowest polymer concentration, a large
fraction of small isolated NPs (mean size ≈ 5 nm) accompanied by an occurrence of smaller
aggregates of several nanoparticles and a small fraction of large, nearly macroscopic
aggregates were observed (Figure 4.4-3a). One of the large aggregates is shown in SEM
image of Figure 4.4-4a where it is seen that the aggregate is formed by a fusion of large
spherical particles. In the composite R2.3, a fraction of large aggregates has a higher
abundance compared to the composite R7. Nanoparticle size distribution of isolated particles
in the composite R7 differs from that in the composite R2.3. While the composite R7 contains
isolated particles with the mean size about 5 nm, composite R2.3 consists of isolated particles
with the size of 9 nm. Thus it seems that initially the aggregation of small (5 nm) particles
occurs followed by aggregation of larger particles. With increasing polymer concentration
(composites R1.4 and R1), the small NPs that had been observed at low polymer
concentrations almost disappeared and complex, irregular and branched aggregates were
formed. At the highest polymer concentration (R1), small Au NPs are practically absent
having been transformed into aggregates (Figure 4.4-3d). Compared with the aggregates
found in composites at the low polymer concentration (composite R7), the aggregates at the
high polymer concentration are smaller in size (Figure 4.4-4b).
As a result, a question arises whether the observed objects have been formed by
polymer-induced Au nanoparticle aggregation, or by Au NPs fusion. An ultrasound-induced
disintegration of Au nanoparticle aggregates embedded in poly[3,4-(ethylenedioxy)thiophene2,5-diyl] into individual NPs has been observed by Li et al.74. They concluded that π−π
interactions between polymer chains attached to the Au NPs are the main force stabilizing
their aggregates. Therefore, we exposed a DCM solution of R1 to ultrasound of a similar
frequency (at 40 kHz) for various times up to 45 min. However, any disintegration of
nanoparticle aggregates into smaller ones was not observed. This suggests that the Au
nanoparticle aggregates observed in TEM and SEM images of composites R are large
compact aggregates formed by fusion of Au NPs rather than Au NP aggregates linked by the
polymer chains.
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Figure 4.4-3. TEM images of Au NPs and NP aggregates for composites R7 (a), R2.3 (b), R1.4 (c) and R1 (d) with
the Au/MEH-PPV ratio 7/1, 2.3/1, 1.4/1 and 1/1, respectively, and corresponding nanoparticles size distributions
for the samples in which isolated nanoparticles could be distinguished.
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a

b

Figure 4.4-4. SEM images of Au NP aggregates for composites R7 (a) and R1 (b) with the Au/MEH-PPV ratio
7/1 and 1/1, respectively.

4.4.2. UV-Vis spectra of Au/MEH-PPV nanocomposites
Important information about the actual state of the polymer and of the Au nanoparticle
assembly in the nanocomposites has been obtained from the comparison of the UV-Vis
optical spectra of the nanocomposites and their constituents (Figure 4.4-5). The main-chain

π→π* absorption band of MEH-PPV (Figure 4.4-5, black lines) occurs at 500 nm. The SPE
band of the parent Au organosol is observed at 520 nm (Figure 4.4-5, inset) which indicates
the presence of small isolated Au NPs, in agreement with the TEM images (Figure 4.4-1).
The spectra of nanocomposites M (Figure 4.4-5a, M7 red line; M1 green line)
resemble that of the neat MEH-PPV. They only differ in an increased extinction in the red
spectral region outside the MEH-PPV π→π* absorption band. The optical absorption at
longer wavelength increases with the increasing Au content. No distinct shoulders at 520 nm
attributable to the SPE band of small Au NPs are observed in the spectra of both
nanocomposites M7 and M1. Only a slight broadening and a barely detectable red-shift of the
MEH-PPV π→π* transition band maximum (from 500 to 502 nm) is observed for M7. The
longer-wavelength extinction up to the NIR region can be ascribed to the presence of larger
Au NPs and assemblies of Au NPs, for which a red shift of the SPE has been observed
experimentally as well as predicted by calculations179, 180. The volume fraction of Au in M1 is
only ca. 5 %, and hence the SPE band of Au NPs has low intensity compared with the strong
MEH-PPV π→π* transition band.
The UV-Vis spectra of nanocomposites R (prepared by an in situ reduction of AuCl4salt in the polymer solution, Figure 4.4-5b) also show an increased extinction in the
wavelength regions typical of the presence of large Au NPs and/or NP aggregates. While the
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Figure 4.4-5. Extinction spectra of (a) composites M7 (red line) and M1 (green line) with the Au/MEH-PPV
ratio 7/1 and 1/1, respectively; (b) composites R7 (red line), R2.3 (blue line) and R1 (green line) having
Au/MEH-PPV ratio 7/1, 2.3/1 and 1/1, respectively. Extinction spectrum of Au organosol (inset of Fig 4.4-5a)
is shown for a comparison. The spectra were normalized on their absorption maxima.

extinction of the composite R7 above 550 nm gradually decreases (Figure 4.4-5b, red line),
only a constant elevated extinction background is observed for composite R1 (Figure 4.4-5b,
green line). For the composite R7, the extinction between 550 – 700 nm could correspond to
the smaller aggregates of several Au NPs which were observed in the TEM image
(Figure 4.4-3a). Their number is much smaller than the fraction of small isolated Au NPs and
thus they were not included in the size distribution. The extinction above 700 nm for the
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polymer poor composite (R7) can be ascribed to the large macroscopic aggregates which are
also present in the composite sample. For the composite R1, the elevated extinction
background above 550 nm could correspond to the aggregates as well as to large, nearly
macroscopic compact aggregates which gradually approach the extinction characteristics of
bulk gold. Such aggregates were found in the TEM images (Figure 4.4-3d). Moreover, the
spectra of the composites exhibit a pronounced blue shift of the π→π* absorption band
maximum compared with its position in the neat polymer (500 nm): the maximum occurs at
478 nm for nanocomposite R7 (Figure 4.4-5b, red line), at 480 nm for R2.3 (Figure 4.4-5b,
blue line) and R1.4, and at 488 nm for R1 (Figure 4.4-5b, green line). Such blue shift indicates
shortening of the extent of the π-electron delocalization in π-conjugated macromolecules181. It
means that MEH-PPV undergoes molecular structure changes during the preparation of the
nanocomposites R.

4.4.3. Stability of MEH-PPV in reference systems
An important question has arisen whether the observed shortening of the conjugation
length of the polymer in composites type R actually occurs prior to the addition of the
reductant, i.e. by interaction of the polymer with the AuCl4-/TOAB complex, or, alternatively,
during the subsequent reduction step. To elucidate this point, time evolutions of the UV-Vis
spectra of reference systems containing (i) the reducing agent (NaBH4) and the polymer and
(ii) the AuCl4-/TOAB complex and the polymer have been recorded.

4.4.3.1.
Stability of MEH-PPV after addition of NaBH4
Addition of an aqueous solution of NaBH4 to a DCM solution of MEH-PPV both with
and without the phase transfer reagent (TOAB) did not cause any change of the UV-Vis
spectrum of the polymer as well as of the molecular weight of the polymer (as obtained by
size-exclusion chromatography measurements) even after 24 h treatment in the dark upon
vigorous stirring.

UV-Vis spectral study of reaction of MEH-PPV with the AuCl4-/TOAB
complex
The AuCl4-/TOAB complex reacts with the polymer quite fast. Figure 4.4-6a shows

4.4.3.2.

the time evolution of UV-Vis spectra of reference system containing the AuCl4-/TOAB
complex and the polymer with the Au/MEH-PPV ratio 2.3/1 together with spectra of the neat
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polymer and the AuCl4-/TOAB complex. The AuCl4-/TOAB complex itself has a strong
absorption band at 366 nm due to a metal-to-ligand charge-transfer transition. After addition
of the polymer having its optical absorption maximum at 500 nm, the absorption band is
shifted to 494 nm. The spectrum is close to a simple superposition of the spectra of the
polymer and of the complex. With increasing time after the mixing, the absorption band of the
polymer shows significant band broadening, considerable loss in the absorbance and a
pronounced blue shift of the main absorption band, the maximum reaching 381 nm after a
24 h exposure of the polymer to AuCl4-/TOAB complex. The observed blue shifts are thus
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Figure 4.4-6. (a) Time-evolution of UV-Vis spectra of the reference reaction system containing the
AuCl4-/TOAB complex (black line) and the polymer (red line) after the mixing. (b) Time dependence of the
position of the MeH-PPV absorption band maximum, λmax, during the reaction. The weight ratios of Au3+ ions
and MEH-PPV were from 7/1 to 1/1.

110

Results and Discussion
Progressive blue shifts of UV-Vis absorption maximum of the polymer were observed
for all reference systems differing in the Au/MEH-PPV ratio, as shown in Figure 4.4-6b. The
higher is the concentration of AuCl4- with respect to the polymer concentration the faster and
the more progressive is the blue shift, i.e. the decrease in the extent of the polymer chain
conjugation. Therefore, in our case, the most significant changes occur for the reference
system with Au/MEH-PPV ratio 7/1. It is thus evident that the presence of the AuCl4-/TOAB
complex in the polymer solution affects the conjugation length of the polymer in both the
reference systems as well as in the composites type R, and this effect is both time- and
polymer concentration-dependent.
It should be noted that no similar perturbation of the conjugation length of polymer
chains by the AuCl4-/TOAB complex has been observed in the case of polythiophenes71, 182.
Zhai et al.71 reported that an excess of TOAB prevents poly(3-hexylthiophene)s from
oxidation in the AuCl4-/TOAB environment. However, we have found that a fivefold
stoichiometric excess of TOAB does not prevent MEH-PPV chains from the damage.
Therefore, we examined the redox activity of the AuCl4-/TOAB complex towards MEH-PPV
by cyclic voltammetry.

4.4.3.3.
Cyclic voltammetry
Cyclic voltammogram (CV)

of

the

AuCl4-/TOAB

complex

in

0.1

M

tetrabutylammonium perchlorate solution (TBAPC) in DCM as a supporting electrolyte is
depicted in Figure 4.4-7a. Two oxidation peaks with the onsets at about 0.6 V and 1 V,
respectively, were observed. In the reversed direction, the reduction peak with the onset at
about 0.2 V appeared. To be able to assign these peaks to the redox processes which occur
during the preparation, we also examined CVs of (i) AuCl4-/TBAPC complex and (ii) AuCl4/TOAB complex with addition of five times higher amount of TOAB compared to that in the
complex used for composite type R preparation (see Chapter 3.3. for sample preparation). The
CVs are shown in Figure 4.4-7b and c. For AuCl4-/TBAPC complex, only one oxidation peak
with the onset at about 1 V was observed. Thus, this peak could be assigned to the oxidation
of Cl- anions originating from Au salt (HAuCl4) and bound in complex with TBAPC.
Formation of AuCl4-/TBAPC complex can be depicted by the following reaction:
H[AuCl4] (aq) + 4TBAPC (DCM) → TBA+[AuCl4]- (DCM) + 3TBAPC (DCM) + HClO4 (aq).
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The voltammogram of the system with five times higher excess of TOAB (Figure
4.4-7c) is similar to that one in Figure
4.4-7a but the peak with the onset at about
0.6 V is more significant than the band with
the onset at 1 V assigned to the oxidation of
Cl- anions. Since the peak at 0.6 V scales
with the TOAB content, it can be assigned
to the oxidation of Br- anions. These ions
can originate from the “free” TOAB which
is not in the complex with Au(III) and/or
from Br- ions “bound” in complex with
Au(III) ([AuBr4]-). The exchange reaction
of Cl- for Br- in complex with Au(III) was
early described183:
H[AuCl4] (aq) + 4TOABr (DCM) →
TOA+[AuBr4]- (DCM) + 3TOA+Cl- (DCM) +
HCl (aq).

The reduction peak with the onset at
0.2 V (Figure 4.4-7a) could originate in the
reduction of Au(III) to Au(0) in complex
with the phase transfer reagent. The value
of redox potential of the AuCl4-/TOAB
complex is substantially lower compared
with the standard potentials of [AuCl4]- or
[AuBr4]- (if we consider the exchange of
halogen ions) complex ions in aqueous
solution. The values of redox potentials
corresponding to the reduction of [AuCl4]-

Figure 4.4-7. Cyclic voltamograms of (a) AuCl4-/TOAB
complex, (b) AuCl4-/TBAPC complex and (c) AuCl4/TOAB complex with five times higher excess of
TOAB. All the measurements were performed in
TBAPC/DCM supporting electrolyte.

and [AuBr4]- complex ions are 0.68 V and
0.61 V vs. SCE (ref.), respectively. This shift of redox potential of AuCl4-/TOAB complex
compared to those of [AuCl4]- or [AuBr4]- complex ions could be assigned to the presence of
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tetraoctylammonium cation. Since the respective oxidation peak is less pronounced, the
process is considered to be poorly reversible.
CVs of the MEH-PPV solution in DCM and P3OT film in acetonitrile were also
measured (Figure 4.4-8). Both polymers show broad oxidation as well as reduction peaks.
Nevertheless, the onset of oxidation peak of MEH-PPV (0.15 V, Figure 4.4-8a) is lower than
that of P3OT (0.4 V, Figure 4.4-8b) and similar to the onset of reduction of Au3+. Therefore,
MEH-PPV can be oxidized by the AuCl4-/TOAB complex whereas P3OT shows the stability
against oxidation by the AuCl4-/TOAB complex.

(a)

(b)

Figure 4.4-8. Cyclic voltamograms of (a) MEH-PPV solution in DCM, (b) P3OT film in acetonitrile.

4.4.3.4.

Relation between molecular weight and UV-Vis spectra of MEH-PPV during
reaction with the AuCl4-/TOAB complex.
The measurement of molecular weights (MWs) of MEH-PPV in reference system

during exposure to TOAB/AuCl4- complex has shown that the observed blue-shifts in UV-Vis
spectra (Figure 4.4-6) result in the lowering of molecular weight. In particular, the MW of
MEH-PPV in reference system decreased from 450 000 for the pristine polymer to 319 000
after 90 min exposure to AuCl4-/TOAB complex. 24 h exposure of the polymer to
AuCl4-/TOAB complex caused the decrease of molecular weight to 186 000. The original
deep orange-red color of the pristine polymer turned to yellow after the treatment. It indicates
that the AuCl4-/TOAB complex treatment resulted into a disruption of the π-electron system
accompanied by a significant decrease of molecular weight. MWs of the polymer after the
exposure of MEH-PPV to the AuCl4-/TOAB complex for 1 min and 30 min could not be
determined because of the insolubility after precipitation.
The observed decrease in the polymer molecular weight caused by its interaction with
the AuCl4-/TOAB complex is relatively low and does not explain the observed decrease in the
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extent of π-conjugation (blue shifts in UV-Vis spectra). To elucidate the nature of the blue
shift in the UV-Vis spectra of the polymer in composite samples, optical spectra of various
fractions of the polymer were taken using SEC equipped with DAD detection. No blue shift
of the absorption band for the fractions with MW above 30 000 was observed and a maximal
blue shift ca. 10 - 15 nm was detected only for low-MW fractions (~ 103), which is only 1/10
of the spectral shift observed for the reference system after 24 h exposure to AuCl4-/TOAB
complex. This is in agreement with the published spectroscopic studies on PPV oligomers that
showed that the dependence of the position of the π−π∗ optical absorption peak on the
conjugated chain length tends to saturate already for short oligomers as hexamers184.
Furthermore, we have examined a possible effect of the polymer oxidation with air oxygen
using the approach employed earlier for the investigation of the stability of substituted
polyacetylenes

185-187

: a dilute THF solution of MEH-PPV was exposed to air in daylight and

the solution was periodically analyzed by SEC-DAD for one month. A partial oxidation of
MEH-PPV achieved after one month was found to cause an additional blue shift of ca. 10 nm
only. If we consider the synergy of both effects, the sum of both shifts would be 20 - 25 nm,
which is fairly below the shift caused by the decrease in the effective conjugation length of
the polymer caused by the AuCl4-/TOAB complex after 24 h treatment. Therefore, a better
insight into the nature of the changes which have occurred in the polymer during the
composite type R preparation had to be obtained through the employment of vibrational
spectroscopy.

4.4.4. Molecular spectra of MEH-PPV and its composites
4.4.4.1.
FT-IR spectra
FT-IR spectra of neat MEH-PPV, MEH-PPV after the treatment with AuCl4-/TOAB
complex and of the composites R1 and R7 are compared in Figure 4.4-9. IR spectra of
composites M are not shown since they were found to be identical with that of neat
MEH-PPV. All IR-active bands characteristic of MEH-PPV, as reported by Scott et al.188, are
clearly seen in the spectra of all samples. After the treatment with AuCl4-/TOAB complex, the
changes are mainly observed in the regions 850 - 970 cm-1 and 1240 - 1350 cm-1. Namely, the
peak intensity at 966 cm-1 (vinylene -C-H out-of-plane bending) decreased, the peak at
854 cm-1 (aromatic C-H out of plane bending vibrations) shifted towards higher wavenumbers
by 12 cm-1, the peaks at 1252 cm-1 and 1350 cm-1 shifted towards lower wavenumbers by
14 cm-1 and 8 cm-1, respectively, and new peaks at 1096, 1608 and 1732 cm-1 appeared.
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Similar spectral changes are observed for composites R1 and R7, only with smaller extent due
to the shorter time period for which the polymer has been exposed to AuCl4-/TOAB complex
prior to reduction. During the preparation of composites type R, the exposure time was much
shorter (10 min) compared to 24 h for the reaction of MEH-PPV with AuCl4-/TOAB complex
shown in the discussion of FT-IR spectra.

Figure 4.4-9. FT-IR spectra of neat MEH-PPV, MEH-PPV after 24 h treatment with AuCl4-/TOAB complex
and MEH-PPV in composites R7 and R1 with the Au/MEH-PPV ratio 7/1 and 1/1, respectively. Measured from
powders.

One of the possible reactions that could occur in MEH-PPV upon the addition of the
AuCl4-/TOAB complex is the chlorination of the vinylene double bond. In such case, the
change in the characteristic stretching vibration of C-Cl groups observed around 770 cm-1
should accompany the changes assigned to the deformation modes of phenyl ring. Although
the C-Cl vibration, which probably originates from the polymer precursor used in the
synthesis189, is observed in the spectrum of neat polymer, its intensity remains unchanged.
Hence, the observed changes in IR spectra do not provide a decisive evidence for the
proposed chlorination of polymer chains.
Better explanation of the IR spectral changes caused by the reaction of π-conjugated
polymer with AuCl4- would be the formation of the addition charge-transfer complex
involving the polymer vinylene double-bond. Such mechanism can explain the pronounced
decrease in the effective conjugation length observed in the UV-Vis spectra while
simultaneously only a small decrease in molecular weight was detected. Furthermore, an
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oxidative degradation also takes place via a well-known mechanism through the formation of
peroxidic dioxyethan groups that, in the next step, can partially result in a chain scission
forming carbonyl or aldehyde end-groups. In particular, evidence of such process is provided
by the presence of weak 1608 cm-1and 1732 cm-1 bands in the FT-IR spectrum of MEH-PPV
treated by the AuCl4-/TOAB complex (Figure 4.4-9). In accord with ref.190 the 1608 cm-1
band is attributed to the asymmetric phenyl semicircular stretch due to the formation of
carbonyls and the 1732 cm-1 band to carbonyl stretch of an ester or carboxylic acid.

4.4.4.2.
Raman and fluorescence spectra
Raman spectra of neat MEH-PPV, MEH-PPV treated by the AuCl4-/TOAB complex
and of nanocomposites R1 and R7 (Figure 4.4-10) were recorded using the 632.8 nm
excitation wavelength. Employment of this wavelength enabled to compare band intensities of
the studied samples without any interference of resonance effects. All spectra show the bands
characteristic of para(phenylene vinylene), PPV, as reported e.g. by Lefrant et al.191, 192 (see
Table 4.4-1). The spectra of nanocomposites M are not shown in Figure 4.4-10 since they are
identical with that of MEH-PPV showing neither band shifts nor changes in relative
intensities of the bands.
ν [cm-1]a

ν [cm-1]b

Assignment

1174
1330
1550
1586
1625

1110
1308
1550
1582
1622

C-C stretching + C-H bending of the phenyl ring
C=C stretching + C-H bending of the vinyl group
C=C stretching of the phenyl ring
C-C stretching of the phenyl ring
C=C stretching of the vinyl group

Table 4.4-1. Wavenumbers (cm-1) and assignment of the most intense Raman modes of PPV.
a
b

obtained for para(phenylene vinylene) from the work of Lefrant et al.192
obtained for MEH-PPV from this study
Raman spectrum of the polymer after the treatment with the AuCl4-/TOAB complex

(Figure 4.4-10, red spectrum) shows a significant shift of the triplet to higher wavenumbers,
in particular the most intense band of the triplet found at 1597 cm-1 is shifted by 15 cm-1
compared with the neat polymer. According to the previously reported studies191,

192

, the

changes in the dominant triplet can be related to the changes in conjugation length of
MEH-PPV: when the conjugation length is reduced, the band at 1622 cm-1 increases in
intensity with respect to that at 1550 cm-1, and both bands are shifted to higher wavenumbers
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with the decreasing length of the effective conjugation. It was reported that the shift of the
most intense band of the triplet for an oligomer containing one phenyl ring is 11 cm-1
compared to the position of this band in the spectrum of neat polymer193. Thus, the observed
shifts of triplet bands in the spectrum of the polymer after exposure to the AuCl4-/TOAB

1585

1624
1624

1625

1556

1597
1582

1560

1622

1550

1282

1110

exposure of MEH-PPV
to AuCl4 /TOAB complex

1308

1315

R7

1000

963

R1

1310

1110

2000

1117

Intensity [a.u.]

1110

3000

1555

1310

1588

complex can be related to a decrease in conjugation length of the polymer.

neat MEH-PPV

0
1000

1200

1400

1600

-1

Raman shift [cm ]

Figure 4.4-10. Raman spectra of neat MEH-PPV (black line), MEH-PPV after 24 h exposure to AuCl4-/TOAB
complex (red line) and composites R7 (green line) and R1 (blue line) with the Au/MEH-PPV ratio 7/1 and 1/1,
respectively.

Similarly to the spectrum of the polymer after the treatment with the AuCl4-/TOAB
complex, the triplet bands of nanocomposites R are also shifted to higher wavenumbers;
however, the shifts are less pronounced (1550 (MEH-PPV)→ 1556 (R7) → 1555 cm-1 (R1);
1582 (MEH-PPV) → 1585 (R7) → 1588 cm-1 (R1); 1622 (MEH-PPV) → 1624 (R7) →
1624 cm-1 (R1)). Several factors have to be taken into consideration for the explanation of the
observed changes in Raman spectra of nanocomposites R since, besides the chemical changes
introduced during the NP preparation, the spectra might be affected by the presence of Au
NPs or NPs aggregates. The shortening of the conjugation length which has been detected
also by UV-Vis spectroscopy (in chapter 4.4.2.) could lead to the observed shifts of Raman
bands. Moreover, the interaction of Au NPs or NP aggregates with the polymer chains could
also cause the shifts of the bands characteristic for conjugated system. Finally, the changes in
the packing of the polymer chains can be also taken into account for the explanation of the
observed shift. For example, Sáfar et al.194 described a similar shift of the main triplet band in
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freeze- and heat-dried samples of MEH-PPV/SiO2 core/shell nanocomposites. This shift was
assigned to denser packing conditions inside the nanostructured silica shells which induce a
higher interchain interaction via aggregate sites.
The photoluminescence measurement could provide better information about the chain
packing since the emission spectrum of polymer aggregates is expected to be red shifted.
Therefore, we have measured fluorescence spectra of composite samples R1 and R7 and we
have compared them with the spectrum of the neat polymer. However, we had observed just
opposite: small blue shifts in the emission spectra (excitation at 500 nm) for the composite
samples were detected. It appears that the observed changes in Raman spectra actually reflect
the shortening of the effective conjugation length of the polymer during the composite
preparation. A meaningful comparison of the neat polymer emission spectra with those of the
composites with respect to the polymer chain packing effects is thus biased by the (far
stronger) effect of the polymer degradation in the composite. Therefore, it is difficult to
evaluate the chain packing effects in composite samples from the interpretation of the Raman
and fluorescence spectra.
It can be concluded from the molecular spectroscopic study that the AuCl4-/TOAB
complex causes molecular structure changes of MEH-PPV resulting in lowering the extent of
conjugation in polymer chains. As far as the preparation pathway to nanocomposites R is
concerned, these changes take place mainly at the initial stage of the preparation until the
reducing agent is added to the reaction mixture. Therefore, to avoid polymer degradation in
composite type R preparation, it is necessary to add reductant as soon as possible in order to
minimize the time for which the polymer is in contact with the AuCl4-/TOAB complex.

4.4.5. Size-exclusion chromatography
Au/MEH-PPV nanocomposites

(SEC)

analyses

of

dissolved

To obtain information on the intensity of interactions between Au NPs and polymer
chains and eventual changes in the molecular weight and in the extent of conjugation of
polymer chains we carried out SEC analyses of the dissolved composites using an instrument
equipped with a diode-array UV-Vis detector.
The SEC records of composites M7 (with a low polymer content) and M1 (with a high
polymer content) are shown in Figure 4.4-11. The analyses have revealed a separation of the
nanocomposites M on SEC columns into two fractions. The first fractions were eluted
(retention time ca 17 min) before the upper exclusion limit of used columns (MW ≈ 2 x 106)
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while the second fractions were eluted at longer retention time of about 29 min. UV-Vis
spectra of these two fractions differ as shown in Figure 4.4-12. UV-Vis spectrum of the
fraction at shorter retention time for composite M7 (Figure 4.4-12a) resembles the spectrum of
the unfractionalized Au organosol while for composite M1 (Figure 4.4-12c) the spectrum is
almost identical with that of the composite M7 (Figure 4.4-5a, red line). UV-Vis spectra of
fractions at longer retention time for both composites M (Figure 4.4-12b,d) are similar and
resemble the spectrum of the neat polymer. Therefore, we can conclude that the first fractions
contain mixed assemblies of Au NPs while the second fractions contain practically intact
MeH-PPV macromolecules.
It should be mentioned here that relative contents of the Au-rich (shorter retention
time) and neat polymer (longer retention time) fractions depend on the time for which the
nanocomposite is in contact with THF. If the nanocomposite was injected to SEC system
from DCM solution, relative content of the first fraction was high, up to 25 %, and its UV-Vis
spectrum showed higher content of MeH-PPV. If the DCM solution was diluted with five
times excess of THF and allowed to stay for some time, relative content of the Au rich first
fraction was lower and its spectrum showed decreased content of the polymer and increased
relative content of Au nanoparticles. When the nanocomposites were dried, then redissolved
in THF and injected from this solution, the first fraction included practically only Au
nanoparticles. This behavior can be explained by better solubility of MEH-PPV in THF than
in DCM.
Surprisingly, the SEC measured molecular weights of the composites M are lower
than that for neat MEH-PPV. For nanocomposite M7, more pronounced decrease in MW of
the second fraction from 390 000 to 220 000 was observed in contrast with a decrease to
365 000 only for nanocomposite M1. The observed small decrease in MW of the free polymer
fraction compared to the parent polymer can be explained as a result of partial fractionation of
polymer due to formation of joint assemblies with Au NPs: longer chains are more strongly
anchored in the assemblies. Composite with higher Au content (M7) showed more
pronounced decrease in MW of the second fraction because more polymer chains are in
contact with Au NPs compared to M1 with lower Au content. Also a partial oxidative
degradation by air oxygen comes into consideration, however, the rate of degradation is
negligible, about at least two orders of magnitude lower than that of substituted
polyacetylenes185-187 so that an effect of the polymer degradation on the results of its SEC
analysis can be neglected in the case of MEH-PPV.
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The molecular weights of purified nanocomposites R could not be determined because
of their limited solubility, especially at high polymer concentration. It can be explained by
crosslinking of the polymer chains which was also observed in the early stages of reaction of
AuCl4-/TOAB complex and the polymer.

Figure 4.4-11. Chromatograms of composites M7 and M1 as well as neat MEH-PPV dissolved in DCM.

Figure 4.4-12. UV-Vis spectra of composite M7 (a,b) and M1 (c,d) obtained by HPLC instrument equipped with
a diode array UV-Vis detector. The spectra (a,c) and (b,d) correspond to the fractions characterized by short and
longer retention time, respectively (see chromatograms in Figure 4.4-11).
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4.4.6. Mechanism of assembling Au NPs in MEH-PPV matrix
4.4.6.1.
Assembling of Au NPs in nanocomposites M
In the parent Au organosol Au NPs are stabilized with TOAB. A quick replacement of
TOAB species with a polymer shell upon mixing the Au organosol with a DCM solution of
MEH-PPV is improbable because of the strong interaction of Au NPs with Br- anions171. This
possibility was examined by the analysis of surface of Au NPs embedded in the polymer
matrix using the EDAX method. The EDAX spectrum of as-prepared, i.e. not precipitated
composite M7, is shown in Figure 4.4-13a. As can be seen, the surface of Au NPs contains a
significant amount of Br atoms, which indicates stabilization of the NPs by the phase-transfer
reagent TOAB (the N peak is not seen because of a too low atomic number of nitrogen). The
EDAX spectrum of the same nanocomposite after precipitation and washing with methanol
(Figure 4.4-13b) shows absence of Br atoms on the surface of Au NPs. This indicates that
TOAB has been successfully removed during the precipitation due to its good solubility in
methanol and has been replaced by MEH-PPV which took over the role of stabilizer. As
mentioned in the discussion of the TEM images (Figure 4.4-2), Au NPs remain almost
unchanged in the final, polymer-rich nanocomposite M1 while they undergo aggregation
and/or fusion into small compact assemblies in the final, polymer-poor nanocomposite M7.

4.4.6.2.
Discussion of Au NPs aggregates formation in nanocomposites R
In this preparative procedure, Au NPs are formed in the presence of polymer which
also reacts with the AuCl4-/TOAB complex. This means that Au nanoparticle seeds are
formed not only in the domains occupied by neat solvent (polymer-free domains) but also in
domains occupied by polymer chains, in which seeds of Au NPs are created on account of the
oxidation of polymer. The observation that Au NPs form large compact aggregates in the
polymer-rich systems while Au NPs in polymer-poor systems are small (Figure 4.4-3) proves
that large or fused NP aggregates grow in the polymer-chain domains while the small NPs in
the polymer-free domains.
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(a)

(b)

Figure 4.4-13. EDAX spectra of an Au NP aggregate in the M7 composite determined (a) before the
precipitation in methanol and (b) after the precipitation and redissolution in toluene.
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4.4.7. Conclusions - Comparison of nanoparticle morphology and optical
properties of Au/MEH-PPV and Au/P3OT nanocomposites
Au/π-conjugated polymer composites type M. Mixing of Au NPs prepared in a separate
procedure with a solution of π-conjugated polymer provides nanocomposites type M in which
the parent polymer remains almost intact as to its molecular weight and structure, and forms a
matrix in which Au NPs are distributed depending on the polymer concentration. Au NPs in
nanocomposites with P3OT and MEH-PPV having Au/polymer ratio 1/1 are nearly identical
with those in the parent Au organosols. The particles are isolated and large aggregates do not
form (Figure 4.4-2b and 4.4.-9). At lower polymer concentration, larger Au NPs and small
aggregates consisting of several particles were observed in the Au/MEH-PPV composite
having Au/polymer ration 7/1 (Figure 4.4-2a). Extinction spectra of these composites show an
intense absorption band of the polymer with a shoulder in the long-wavelength spectral region
ascribed to the presence of Au NPs (Figure 4.4-5a and 4.3-6a).
Au/π-conjugated polymer composites type R. The in situ formation of Au NPs in the polymer
matrix provides nanocomposites type R containing small isolated Au NPs in the composite
with P3OT (Figure 4.3-10) while large irregular aggregates are observed in the case of
composites with MEH-PPV (Figure 4.4-3d and 4.4-4d) at the same Au/polymer ratios (1/1).
With decreasing polymer concentration in Au/MEH-PPV nanocomposites, the fraction of
large aggregates decreases and, simultaneously, the fraction of small NPs increases (Figure
4.4-3). At the lowest polymer concentration (composite R7), small Au NPs with mean size of
about 5 nm are observed and only a small fraction of large compact aggregates formed by
fusion of large Au NPs is present. Different morphology of Au NPs was reported in Au/P3OT
composites with varying polymer concentration71. In particular, nanoparticle aggregates were
not observed in Au/P3OT composites containing similar Au/polymer ratios as were used for
Au/MEH-PPV composites in this study. Only the presence of larger Au NPs was reported
with increasing polymer concentration.
Extinction spectrum of Au/P3OT nanocomposite type R resembles the spectrum of the
composite type M (Figure 4.3-6). On the other hand, the pronounced shift of the absorption
maximum of the polymer to shorter wavelengths was observed for Au/MEH-PPV composites
(Figure 4.4-5b). Such blue-shift was ascribed to the shortening of conjugation length of the
polymer181. It indicates that a partial damage of the molecular structure of the polymer occurs
during the composite preparation due to an oxidation of the polymer with the AuCl4-/TOAB
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complex. In particular, oxidative degradation and formation of addition charge-transfer
complex on the polymer vinylene bonds could lead to the shortening of the polymer
conjugation length, as confirmed by spectral and cyclic voltammetry measurements (in
chapters 4.4.4. and 4.4.3.3.). To avoid polymer degradation in the preparation of Au/MEHPPV composites type R, it is necessary to add a reductant as soon as possible to minimize the
time for which the polymer is in contact with the AuCl4-/TOAB complex. In contrast to that,
polymer degradation was not observed in the preparation of Au/P3OT composites type R
since the redox potential of P3OT is higher than that of the AuCl4-/TOAB complex (chapter
4.4.3.3.).
In summary, the obtained results clearly show that the morphology and optical
properties of Au NPs in Au/π-conjugated polymer (P3OT, MEH-PPV) composites are
substantially influenced by the type of the polymer and its concentration as well as by the
method and conditions used in the composite preparation.
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5. Conclusions
Au nanoparticles can be selectively fragmented by high energy nanosecond laser
pulses of various wavelengths, depending on the amount of energy absorbed by a
nanoparticle. Irradiation of Au hydrosols containing nanoparticles of the mean sizes above
10 nm by laser pulses of 532 and 355 nm wavelengths causes their size-reduction. The mean
size of the resulting particles is independent on the initial NP size, but it depends on the
wavelength of laser pulses and energy absorbed in the hydrosols.
All particles in the parent sols (sizes above 10 nm) absorb both pulses of 355 and
532 nm wavelengths; however, already formed small Au NPs absorb effectively pulses of
355 nm wavelength, but not 532 nm. Indeed, the hydrosol containing 5 nm particles is
fragmented by laser pulses of 355 nm wavelength, but the size-reduction does not occur when
the hydrosol is irradiated by laser pulses of 532 nm wavelength. At the latter wavelength the
particles have even a tendency to a very little but still observable growth during the
fragmentation.
The process of laser-induced fragmentation is cumulative with increasing number of
subsequent laser pulses: for longer time of the fragmentation the threshold of laser fluence,
for which the shift in SPE maximum position is observable, appears at lower laser fluence.
Fragmentation seems to be a possible pathway to preparation of monodisperse sols of
small nanoparticles. These nanoparticles can be useful for formation of 2D-assemblies.
However, the small size of nanoparticles prepared by this pathway does not lead to
observation of strong plasmonic phenomena.

The morphology and the related optical responses of metal (Ag, Au) NPs in the
composites with π-conjugated polymers can be tuned by the choice of the π-conjugated
polymer and its concentration as well as by the method and conditions used in the composite
preparation.
In Ag/PEEP-I composites, fractal aggregates with their average fractal dimension
D = 1.9 ± 0.1 were formed at low polymer concentrations while at high polymer
concentrations loosely packed aggregates with large interparticle distances were observed.
The novelty of these results lies in the point that fractal aggregates can be formed also by an
action of the polymer which is unique for polymeric species. Polymer chains of the used
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PEEP-I are thus analogous to several monomeric adsorbates since the charges of the polymer
reduce the electrostatic repulsion barrier between adjacent NPs by similar way as monomers.
Localization of polymer chains in hot spots of fractal aggregates was documented by
very strong SERS signal which contributes to unusual “inverse” dependence of SERS signal
on polymer concentration.

A significant difference between morphology of Au and Ag NPs was found in
composites with P3OT. While small spherical Au NPs were homogenously dispersed in these
composites, Ag NPs formed large intergrown aggregates. The difference in nanoparticle
morphology was explained by higher adsorption affinity of bromide ions originating from the
phase transfer agent used in the composite preparations to Ag NP surface compared with that
to Au NP surface.
In situ procedure (interfacial reduction of metal salt with NaBH4 in the presence of
polymer, nanocomposites type R) as well as mixing procedure (mixing metal organosols with
polymer solution, nanocomposites type M) can be used for Au/P3OT composites preparation
because both procedures lead to the same nanoparticle morphology. In the case of Ag/P3OT
composites, it is more suitable to used in situ procedure since it provides smaller NP
aggregates and small isolated Ag NPs compared to large intergrown aggregates in the
composites type M.
SERS/SERRS spectral probing of Ag/P3OT composites type M and R enabled to
pinpoint the mutual difference in the polymer structures encountered within each of them, in
particular the dominance of the disordered structure in the composite type R.

The morphology of Au NPs in composites type R with MEH-PPV differs from that in
Au/P3OT composites. In particular, large irregular Au nanoparticle aggregates are present in
Au/MEH-PPV composite type R while small spherical particles are observed in Au/P3OT
composites at the same Au/polymer ratio. On the other hand, in the Au/MEH-PPV composite
type M small spherical Au NPs were observed similarly as in Au/P3OT composites of that
type. The difference between the two composites R originating from Au NPs and two
different π-conjugated polymers was attributed to the effect of the polymer on Au NP growth.
Au NPs in composites R grow in the presence of particular polymer while pre-prepared Au
NPs are employed for composite type M preparation.
In the in situ preparative procedure of nanocomposite type R with MEH-PPV, Au NPs
are formed in the presence of the polymer which also reacts with the AuCl4-/TOAB complex.
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Ii is predicted that Au NP seeds are formed not only in the domains occupied by neat solvent
(polymer-free domains) but also in domains occupied by polymer chains, in which seeds of
Au NPs are created on account of the oxidation of polymer. Large or fused NP aggregates
grow in polymer-chain domains while the small NPs in polymer-free domains.
In situ procedure causes a partial damage of the molecular structure of MEH-PPV. It
occurs due to polymer oxidation with the AuCl4-/TOAB complex since the onset of oxidation
peak of MEH-PPV is similar to the onset of reduction of Au3+ in the complex with TOAB.
Therefore, MEH-PPV can be easily oxidized with the AuCl4-/TOAB complex. On the other
hand, P3OT exhibits the stability against oxidation with the complex since the onset of
oxidation peak of P3OT is higher than that for MEH-PPV. To avoid polymer degradation in
the preparation of Au/MEH-PPV composites type R, it is necessary to add a reductant as soon
as possible to minimize the time for which the polymer is in contact with the AuCl4-/TOAB
complex.
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6.

Abbreviations

BDMT

1,4-bis(mercaptomethyl)benzene

cHBDT

disodium 1,4-cyclohexane-bis(dithiocarbamate)

CP(s)

conjugated polymer(s)

CV

cyclic voltamogram

DCM

dichloromethane

DDA

discrete dipole approximation

DLS

dynamic light scattering

DMAAB

1,4-bis(mercaptoacetamido)benzene

DMF

dimethylformamid

DMSO

dimethylsulfoxide

EDAX

energy dispersive analysis of X-rays

EDOT

3,4-ethylenedioxythiophene

EM

electromagnetic

FDTD

finite difference time domain methods

FRET

fluorescence (Förster) resonance energy transfer

LSPR

localized surface plasmon resonance

MEH-PPV

poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]

MLWA

modified long wavelength approximation

NP(s)

nanoparticle(s)

NC(s)

nanocomposite(s)

(O)FET

(organic) field effect transistors

(O)LEDs

(organic) light emitting displays

OPV

oligo(p-phenylene vinylene)

PBDT

disodium 1,4-phenylene-bis(dithiocarbamate)

PEDOT

poly(3,4-ethylenedioxythiophene)

PEEP-I

poly(N-ethyl-2-ethynylpyridinium iodide)

PT(s)

polythiophene(s)

PVP3T

terthiophene-functionalized poly(4-vinylpyridine)

P3OT

poly(3-octylthiophene-2,5-diyl)

P2EPH

poly(2-pyridinium hydrochloride-2-pyridylaacetylene)

SEC

size-exclusion chromatography
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SE(R)RS

surface enhanced (resonance) Raman scattering

SP(s)

surface plasmon(s)

SPE

surface plasmon extinction

SPPs

surface plasmon polaritons

TBAPC

tetrabutylammonium perchlorate

TEM

transmission electron microscopy

TDAB

tetradodecylammonium bromide

THF

tetrahydrofuran

TOAB

tetraoctylammonium bromide

2(3)-D

2(3)-dimensional

Notations of sols and nanocomposites
Au1

Au nanoparticle hydrosol containing 5 nm particles in diameter

Au2

Au nanoparticle hydrosol containing 11 nm particles in diameter

Au3

Au nanoparticle hydrosol containing 35 nm particles in diameter

Au4

Au nanoparticle hydrosol containing 104 nm particles in diameter

Ag/PEEP-I

nanocomposite system consisting of Ag NPs and π-conjugated PEEP-I

Ag/P3OT

nanocomposite system consisting of Ag NPs and P3OT

Au/P3OT

nanocomposite system consisting of Au NPs and P3OT

Au/MEH-PPV

nanocomposite system consisting of Au NPs and MEH-PPV

composite type M

prepared by mixing nanoparticle organosol with polymer solution

composite type R

prepared by in situ reduction of metal salt with NaBH4 in the presence
of a polymer

-

AuCl4 /TOAB complex

Au3+ ions transferred into the organic phase (toluene, DCM)
due to TOAB
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