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Introduction

1. INTRODUCTION

1.1. Noble metal nanoparticles
Nanosized metal particles have gained recentlyrsiderable attention due to their

unique optical and electrical properties. They shamcreased photocatalytic and
photophysical activities which are strongly depemdm the size and shape of the particles as
well as on their arrangement and mutual interaciiorthe particle assembli&s Such
nanoparticles have shown recently use in surfabereed (Raman) spectroscopy, catalysis
and as biological probes for diagnostic purposes] they have many other potential
applications in electronics and optoelectronicsnderticle size, generally, provides an
important control over many of the physical andnoloal properties of nanoscale materials
including luminescence, conductivity, and catalwitivity.

The unique optical responses of plasmonic metabpanicles (NPs) arise from an
electrodynamic phenomenon known as surface plasifius.is connected to the collective
oscillations of free electrons in response to aattaristic electromagnetic frequency. Two
types of surface plasmons were descfibéd(i) “propagating” surface plasmon polaritons
(SPPs), which propagate tens to hundreds of midemh@long the metal surface, with an
associated electric field that decays exponentialth the distance from the exposed metal
surface and (ii) “nonpropagating” localized surfatasmon resonances (LSPRs), which are
plasmon excitations that can be resonantly excitéti electromagnetic irradiation. The
coupling of metal NPs with light is accompanied the local electromagnetic field
enhancement which the surface-enhanced phenomenhased on (Chapter 1.2.6.). The
growing field of scientific research and applicasdfocused on such light-metal interactions

is known as ,plasmonics”.

The simplest type of LSPRs is

Electric field

a dipolar LSPR which can be described ¢

Metal sphere

follows: when a small metal nanoparticle
with the radiusR, much smaller than the
incident radiation wavelength, is irradiatec
by an electromagnetic wave of a particulatigure 1-1.Schematic illustration of a localized surface

. . . plasmon in a metal sphere, from fef.
wavelength, the irradiation induces
a collective oscillation of free electrons insidee tparticle, which move with the same
frequency as the frequency of the incident wavéedtls to a formation of an induced dipole

on the nanoparticle surface (Figure 1-1). Dependimghe magnitude of the induced dipole
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moment and the size of the nanoparticle a resonasc#élation can occur at a specific
frequency. The dipolar plasmon resonance of thalnmeinoparticle is defined by its induced

dipole momentP, which can be expressed:

med

& (/1) + 2‘E‘med

p =4, R £ " e
0

E, 1)

wherekEy is the amplitude of the electric field vector bétincident electromagnetic radiation,
R nanoparticle radiusg the vacuum electric permittivitysneq the relative permittivity
(dielectric constant) of the local medium; since tlanopatrticles are usually embedded in a
medium with negligible optical absorption in thesibie region,&gneqis taken as wavelength
independent)g(A) is the relative complex permittivity (dielectriarfction) of the metal which

is wavelength-dependent:
£()=¢(1)+ig(4) )
The complex permittivity is bound to the complekaetive indexN by a simple relation:
£() = N* (), 3)
where
N =n+ik (4)
with refractive indexh and absorption coefficielt

The resonance condition, when a maximum of indudipdle moment appears, is

fulfilled when
(1) + 26, =0 (5)
that can be achieved when

&(A) = -2 &med (6)
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and, simultaneouslyg(A) is negligible. For an assembly of small, non-iatéing Au NPs
embedded in water, the wavelength at which thenasoe condition is fulfilled is at 520 nm.
The resonance wavelength for small non-interacggNPs in aqueous environment is at
390 nm. The plasmonic response is directly meagtaboptical extinction as a function of
A, providing a surface plasmon extinction (SPE) spet. Extinction includes both
absorption and scattering contributions, which hdifferent scaling relationships with the
nanoparticle size. The absorption cross sectiomeases linearly with particle volume,
whereas the scattering cross section is relatiselgller but scales with volume squared. The
characteristics of SPE spectrum such as the batidwadsition and intensity of the SPE band
depend on the nanoparticle material, NP size aafdesfgeometry), dielectric constant of the
surrounding medium and interparticle coupling. Tfedlowing examples from recent
literature will clearly show how the SPE features iafluenced by nanoparticle material, size,
shape, dielectric constant of medium and interadtietween the particles.

Nanoparticle material Extinction spectra of spherical particles having thameter
10 nm both in water as a surrounding medium ancasuum were calculated by Creighton
for 52 different metallic elements. Well resolvediection bands are observed for colloidal
Sc, Ti, V, Y, Cd, Eu, Yb, Hg and Th as well as émiloids of Cu, Ag, Au and the s-block
metals. For most of the remaining metals, congjstimost of the metals of the d- and p-
blocks, the spectra show a steep rise in extinciibmery short wavelengths while in the
visible range the extinction is flat and featursléBherefore, the colloids of most of the d- and
p-block metals are grey or brown. Only for Au and e main extinction bands can be
interpreted as plasma resonances, whilst for asloif the other d-block metals the plasmon
resonance lies in the UV region, predominantly @amred by the interband optical
transitions. It is thus evident that the Au, AgGur nanopatrticle colloids are good candidates
for the observation of a surface-enhanced Ramadtesog and other photophysical processes
occurring on the nanopatrticle surface since thdinetion bands are close to the wavelengths
of conventional laser excitation sources.

Nanoparticle sizeFor gold particles witl2R < 25 nm, the size dependence of the
plasmon extinction is introduced by assuming a-degendent material dielectric function
&(w, R) for larger NPs (beyond the Rayleigh approximatitime extinction coefficient
explicitly depends on the nanoparticle size asHigher-order plasmon modes contribute,

which are function oR.
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Plasmon bandwidth as well as SPE maximum dependsh@®nnanoparticle size
(Figure 1-2). The broadening of the SPE band forahgl Au NPs becomes evident for
nanoparticle size much less than the electron rfrearpathL., a material dependent property
that, for example, gives the broadening of SPE kamiiu NPs for2R < 25 nm. It is caused
by the relaxation rate of electron displacementcWhincreases with &/R relationship due to
the scattering processes on the NP’s surface. @nother hand, the position of SPE
maximum for these small NPs is not significantlffueanced by nanopatrticle size (e.g. SPE
maximum for Au NPs oRPR = 25-10 nm is located at 520 nm). For larger nlietdNPs
(2D > 30 nm) the SPE band, attributed to dipolar rasoa, red shifts and broadens. The red
shift arises from a reduction of the depolarizatimid caused by the retardation effect of
conduction electrons that do not move all in ph&saaiative damping and also nonradiative
electronic mechanism such as interband transitcamgribute to the plasmon relaxation. It
results in a significant broadening of the SPE balite broadening is also caused by the
excitation of higher-order plasmon modes; for exlnguadrupole resonance in Ag and Au

NPs can be observed in SPE spectra of particlaadn&® nm in diameter.

160 -
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Figure 1-2.Size effect of spherical Au NPs on the SPE bandwiom ref°.

Nanoparticle shapeMie theory?, the formulations of which are based on the
Maxwell's equations, provides the exact analytisalution for the optical properties of
spherical metallic nanoparticles and the obtainB& Spectra are in an excellent agreement
with experiments as long as the examined colloids gpherical in shape, dilute in a
surrounding medium, and relatively monodispersewéier, current research is focused on
the fabrication of anisotropic NPs with well-defihstructures other than sphéfesThese
include nanoscale rods, disks, triangular prismdfipods, cubes, and nanoshells. To obtain
an analytical solution for the optical charactéestof these anisotropic structures, an
electrostatic approximation must be used. A nuniddetheoretical descriptions have been

developed based on various approaches, includmglitrete dipole approximation (DDA),
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T-matrix method, finite difference time domain matks (FDTD), the multiple multipole
method or the modified long wavelength approximagilLWA)* 1318

SPE spectra of metallic nanorods will be discussedore details. According to Mie-
Gans theory (developed for particles much smatlan the wavelength of incident irradiation

in which only dipolar excitations occur), the extion E(1) of a spheroid metallic NP is
given by the following equation

E(A)D{ “ } )

(‘gr + )(‘gmed)2 + gi

wherey is a spheroid geometry dependent factor, propmatito the ratio of majorb) and
minor @) axis of the spheroid, i.e. to its aspect ratio.e Thresonance condition

(& (a)) = —X&..q) 1S Similar to that for spheres except that 2eiglaced by the factoy. It is

clearly seen that the aspect ratio strongly inftesnthe plasmon resonance of metallic
nanorods which splits into two peaks due to thevanly distributed SPs around the spheroid
axis. The first peak originates in transverse maae corresponds to the polarization
perpendicular to the long axis. The second bandesponds to the longitudinal mode with
the polarization parallel to the long axis. It tsosgly red-shifted. As the aspect ratio of a

nanorod increases, the separation between two ptasgrands becomes more pronounced
(Figure 1-3).
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Figure 1-3. Calculated absorption spectra of Au elongated rgptie (nanorods)
with varying aspect ratio, from réf.
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Dielectric constantThe dependence of the plasmon resonance frequendiglectric
constant of the non-absorbing medium, which isteeldo its refractive indexn(= (&),
arises from the resonance condition (5). In thekwafrKamat et at® the effect of solvent
refractive index on the SPE spectra of Au NPs capyth tetraoctylammonium bromide was
investigated. Table 1-1 taken from this work shdomesposition of SPE maximum of Au NPs
in solvents of various refractive indices. The gosiof SPE maximum was influenced by the
refractive index of medium in the case of solvewtth no active functional groups with
affinity toward NPs (such as cyclohexane, toluermexylene, chlorobenzene, and
o-dichlorobenzene). In these solvents, the SPE maxingradually shifts toward longer
wavelengths with increasing refractive index of #wvent. In contrast, no shift of SPE
maxima was observed for polar solvents such as TH#:, DMSO, and acetone. It was
assigned to a complexation of these polar solveuitis the Au NP surface which may
override the effects of refractive index sinceubstantially alters the electron density of the
Au NP.

Solvent refractive index Q) | Amax [nM]
acetone 1.3590 521
tetrahydrofuran 1.4070 521
cyclohexane 1.4266 526
DMF 1.4310 522
DMSO 1.4758 521
toluene 1.4961 530
o-xylene 1.5016 532
chlorobenzene 1.5240 533
o-dichlorobenzene 1.5509 535

Table 1-1.The position of SPE maximum of Au NPs in solverfts o
varying refractive indices, from rét.

Interparticle coupling.Mie theory only applies to non-interacting welpaeated NPs.
However, new interesting optical properties wereenbed for assemblies of interacting
particles. Recent progress has been made in féibricaf ordered arrays of interacting
NPs®?% and in the calculation of SPE spectra of theserablie$* > In such cases, each NP
with a diameter much smaller than the wavelengtbxaiting light acts as an electric dipole.
Two types of electromagnetic interaction betweenN#Ps were considered in the literafure
depending on the spacimjbetween adjacent NPs: (i) near-field coupling watidistance
dependence af® and (ii) far-field dipolar interactions with thi* distance dependence. Far-

field dipolar interactions dominate at interpagicpacing of the order of the wavelengli (
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of the exciting light, while near-field dipolar eractions dominate for the spacing much

smaller thanA. Electromagnetic coupling

plays a key role in the plasmonic propertie Qe

\
ml Monomers

of NP assemblies, and can enhance thi il it (SRR

1.0 4 b - — — Experiment
\ 00000 Calculation {N=10,000)

|
optical responses by many orders G i‘

B
magnitude. For example, many of the ear{;

. L i
SERS observations were performed ¢ °°

fractal nanoparticle aggregates containir

hot spots” which were found to produce i ©.0- = . s o

great enhancement of Raman scatterit Wavelength [nm]

signaf* 2> Experimental and calculated SPEigure 1-4.Experimental and calculated SPE spectra
for fractal aggregates containing 500 and 10000. NPs

spectra of fractal aggregates from Tefire

shown in Figure 1-4.

1.1.1.Synthesis and fabrication of plasmonic nanostructugs
Nanostructures are typically formed using eithgrographic techniquéor solution-

phase synthesis. Lithography is used for fabricatib reproducible substrates with tunable
optical properties for SERS studies and plasmorecéd fluorescente Solution phase
synthesis is a versatile approach to the preparationetal NPs that allows to control their
size, shape, composition and structure (e.g. smlighell-like). This approach generally
involves the reduction of metal salts (Ag N®IAuCl,.3H,O) with chemical reductants such
as citraté®, hydridé® (NaBH,), alcohol€®, hydroxylaminé® or hydrazin&. The reduction can
be also carried out electrochemiciily*® photochemical> 3 or sonochemicalfff
Addition of an appropriate stabilizer to the saatiof metal salt in the course of the reduction
allows to control the NP growth and to suppressatigregation of NPs. The stabiliZef° —
commonly ligands, surfactants, ions, organic acaspolymers having an affinity to the
metal surface — adsorbs or coordinates to the r@acle surface and inhibits the aggregation
by Coulombic repulsion and/or steric hindrance. W™pecific choice of the reductant,
stabilizer, temperature of the reaction mixtural aancentration of the reagents can affect the
size and shape of the resulting NPs. Solution-plsgs¢hesis mostly yield approximately
spherical NPs since the spherical shape possefowest surface energy. In fact, these

particles have crystallographic facets and thenl shapes are higher polyhedrons such as
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icosahedrons or dodecahedrons. In this work théybeireferred to as spherical particles for
simplicity.

Well established method of synthesis of Au NPsrsdaction of HAuG with sodium
citrate in an aqueous environment, which was intced by Turkevitcff in 1951. The citrate
lons act as both a reducing agent and an eledimstabilizer. Citrate salts can be also
employed for the preparation of Ag NPs.

Another widely adopted solution-phase synthesisAof NPs is a Brust-Schiffrin
method®, published in 1994. This method has had a coraideimpact on nanotechnology
in the last decade, because it allowed the fagitehgsis of stable Au NPs with controlled
size (diameter ranging between 1.5 and 5.2 nmledddthese Au NPs can be repeatedly
isolated and redissolved in common organic solventsout irreversible aggregation, and
they can be easily handled and functionalized bgynmaolecular compounds. This method is
based on a two-phase reaction system (containingqareous and organic phase) with
tetraoctylammonium bromide as a phase-transfertaBease-transferred Au ions are reduced
with NaBH;, in the presence of alkanethiols or other ligand$hsas amines and phosphines to
stabilize and control the nanoparticle size. Rdggniblished single-phase adaptations of the
Brust method have eliminated the need of the plrassfer agefit.

Well-defined NPs can be fabricated by seed-medigtewth techniqués ** ** In
seed-mediated syntheses the ,seeds”, playing teefahe nucleating agent, are added into a
metal salt solution. The metal salt is reducedadiyeon the surface of the seeds with a
minimal concurrent nucleation in the solution. ™ee, morphology, and aspect ratio of the
resulted metal NPs are controlled by the compasiéind concentration of the seeds, metal
salts, reducing agents and by various additiveg.,(€etyl-trimethylammonium bromide)
which are present in the solutir>

Another versatile method of the metal nanopariickparation is a laser ablation of a
metal target in liquid ambient which was firstlytrimduced by Henglein et &.in 1993. The
intensive laser irradiation induced a size reductd growing NPs simultaneously with the
process of laser ablatih Recently, the interaction of pulsed laser lighthwchemically
prepared metal NPs has become a subject of foaesedrch intere¥t>* The intense laser
light can induce size reductiti?® > size enlargemetft *> and morphological changes
(reshaping) of NP§ °* °" % The parameters of the laser pulses, includingrlamilse
duration, wavelength, energy per pulse and beanustimn, as well as the chemical
parameters such as the presence of chemical spedfesliquid mediur? ®°in course of the

laser radiation influence the size and morpholoigthe resulting NPs. A detailed analysis of
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the laser-induced shape transformation and sizectieh of Au NPs has been carried
out’ >3 ®! The changes in NP shape and size were consitierectur through melting and
vaporization of Au NPs upon laser pulse impact. &stmated temperature of Au NPs after a
nanosecond single-shot impact exceeds the boilmgt f gold and suggests that the size-
reduction is a photothermal proc&ssAnother mechanism of laser-induced size reduction
suggested by Kamat et 8lis based on a Coulomb explosion induced by artrele@jection
from particles upon illumination. The repulsion ween the charges then leads to their
fragmentation. In previous studies of Link efaP’ ®a laser-induced transformation of Au
nanorods into spherical particles in a colloidaluson was investigated using both
femtosecond (fs) and nanosecond (ns) laser puls89@nm wavelength at various pulse
energy. Since the laser light of the used wavelesgtectively excites the SP longitudinal
mode in Au nanorods, the nanoparticles undergatsiral changes. At low pulse energies,
melting of Au nanorods occurred instead of therfragtation. However, the energy threshold
for melting induced by fs laser pulses was on tlieioof 100 times lower when compared
with ns pulses. It can be explained by the hugkemihce in the peak power delivered by fs
and ns pulses and by the fact that, in the ca$e laker pulses, the absorption of photons by
electrons, electron-phonon relaxation (heatindheflattice < 10 ps), melting (30 — 35 ps) and
phonon-phonon relaxation (cooling of the latticel@0 ps) are well separated in the time
scale. On the other hand, phonon-phonon relaxatoneffectively compete with the rate of
photon absorption within the nanosecond pulse murafhus, laser-induced melting was
more efficient in inducing a complete shape tramsfdgion of Au nanorods with femtosecond
laser pulses (100 fs) than with the longer nanasg@@uises (7 ns) at the same pulse energy.
At high fs pulse energies, nanoparticle fragmeatatiook place through multiphoton
ionization of the Au nanorods (the repulsion of #mrumulated positive charges on the
particles leads to the fragmentation shortly afteeven during the laser pulse). Au nanorods
were fragmented by ns laser pulses of high eneepalse of the absorption of additional
photons by the hot lattice.

Laser ablation and nanoparticle fragmentation apge be a promising tool for
obtaining NPs of desired size distribution whiclbpde the largest LSPR in their functional
assemblies, e.g. dimers can be prepared by thisothe®ne of the fields of plasmonics which
could immediately benefit from these targeted pragoans is SERS spectroscopy.
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1.1.2.Morphologies of metal NPs and their assemblies
Transmission electron microscopy (TEM) is the mmsnhmon technique for observation

of morphology of metal NPs because of their higicebn density. From the morphological
point of view, the following types of the NPs argament can be recognized in TEM images:

l. non-interacting NPs- are isolated from each other due to the presehsbilizer
molecules on NP surface.

Il. interacting NPs- are closely packed, and can form 1-, 2- or 3edisional space
arrangements. Regularly (hexagonally) packed NRyaman be given as an
example of 2-D space arrangement of NPs.

One of the most important characteristics of olgjestich as metal colloidal
assemblies is their fractal (Hausdorff) dimensiémactal dimension can be

determined from the TEM images using the mass-sadilation:
M (R)~ R° (8)

whereD is the fractal dimension arM is the mass of the object of sieFor the
determination of the fractal dimension of NPs addesm from TEM images
(Figure 1-5) it is important that the collapse fué priginally 3-D colloidal
aggregates into 2-D object on microscopic ¢,

i

grid does not affect the value of their 5

s

s &

fractal dimensiorD assumed thdD < 2 as gg rare 2’3?"‘ {
& N A "’:

ka3, ; :

it was theoretically postulated and proved Fhem,
experimentall§y’. According to the fractal

theory of aggregation, we can predict the

type of aggregation from the values of the -
Ty

fractal dimension of aggregated colloids: 108 e

D=1.75 andD = 2.08 were calculated for,:igulre 1-5. TEM image of monomer-

aggregated Au nanoparticle fractal

aggregate from réf.

cluster-cluster aggregation in 3-D space

a diffusion-limited and reaction-limited

without rearrangement, respectively, and the vauk for a reaction-limited
cluster-cluster aggregation with a subsequent aeagement. For the 2-D cluster-
cluster aggregation the vallle= 1.42 was obtainéd

[l interpenetrating (intergrowing and/or sintered) NRsare arranged in distance in

which the diffusion of metal atoms occurs. It ma&ydaused by a disturbance of the

10
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stabilizing electrostatic double-layer on the NFae, e.g. by addition of chloride
ions of a proper concentratffn Ag NP sintering, induced growth and
interpenetration induced by adsorption of smallsi@md its implications for the
formation of surface-adsorbate complexes as wdbralgrge SERRS enhancement

of biologically important chromophoric moleculesshzeen reporté&d ®*

1.2. Polymer-nanoparticle composites
Polymer composites containing metal nanoparticegehgained increasing attention

for emerging applications as sensors, energy stodayices and in biomedical imaging as
well as catalysis in biotechnology and microeletite®>®’. Embedding inorganic NPs into
polymer matrices provides means for introducingaety of properties to the polymer-based
materials, including the mechanical, thermal anectebactive properti&® Nanoparticle
“fillers” such as clay are known to bring signifidcamprovement in thermal andechanical
properties of polymer materiifs They exhibit improvements in tensile strength,duordas,
barrier to permeation of small molecules and feturdation. In order to predict properties of
composites, the understanding how the chemistry rantphology of the polymer matrix
synergize with the surface chemistry, size and sludia nanoscale filler is neces$ry

Another class of nanoparticle-polymer composiselsased on magnetic particles such
as Fe, Co and iron oxide. Many composites have beastigated which combine different
polymers and magnetic nanoparticle collidsHowever, the preparation of materials
possessing high magnetic moments and suscepébildomparable to inorganic materials
remains a challenge.

Carbon nanotubes can also be integrated into csitegowith polymef8. The utility
of carbon nanotubes in a wide range of applicati@lies on one or more of their unique
fundamental properties including a high aspectoratigh mechanical strength, excellent
thermal conductivity, and the ability to conduatatons as a semiconductor or a metal. The
lack of solubility poses a significant impedimewt their exploitation in many potential
commercial applications. Therefore, the chemistrgasbon nanotubes has become an area of
intense research since chemical derivatizatiomesanly way how to modify properties of
these materials.

The extensive range of unique size-dependent cgmivehic properties inherent to
noble metal NPs makes them very attractive caneldédr the integration into composites

with Teconjugated polymers. In such nanocomposites (Ntbs),interaction of delocalized
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Telectron states of polymer chain with LSPR is exp@. It can be assumed thatmt
absorption band of the polymer will be, at leassame extentaffected by an interaction with
plasmonic metal NPs and, at the same time, theaptroperties of the metal NPs will be
affected by the presence of the conjugated polyihean be expected that the key role will
be played by the actual morphological charactesstif the NCs. Understanding and tuning
such effects, which have become a subject of deteatently, could lead to hybrid optical
devices with improved optical properties. Embeddmegtal NPs into host polymers provides
a means for introducing a variety of new properiiesomposite materials, including increase
in conductivity, fluorescence quenching, and cai@lactivity. The possible use of such
nanocomposites of metal NPs amttonjugated polymers in optoelectronic devices sagh
solar cells, light emitting diodes, sensors, etattr memories, etc. is being explored

intensively.

1.2.1.1econjugated polymers
T-conjugated polymers (CPs) have special electrand optical properties due to the

delocalization of Trelectrons. They are dubbed as conductive polymarsorganic
semiconductors. The-conjugated polymer consists of carbon atoms bdundlternating
single and double bonds, called conjugated doubled$. In polyacetylene, the simplest
conjugated polymer (CH) atomic orbitals of carbon atoms asg® — hybridized. Three
equivalento orbitals lie in plane at angles of 120° betweeoheather. The fourth carbon
orbital is an unhybridize@, orbital perpendicular to they’ plane. Each carbon atom forms
two o bonds with neighboring carbon atoms by head-orrlapeof theirsg? orbitals, one

o bond with hydrogen atom by overlap of & and hydrogers orbitals andm bond by
sideways overlap gp, orbitals. The delocalization af-electrons along the polymer chain
gives these polymers special properties. Althouglggeetylene is a semiconductor, it can be
doped to become electrically conductive. The domiracess, which results in an increase of
free charge concentration, involves oxidation (reat@f electrons) or reduction (addition of
electrons) of a neutral polymer. There are two meshof doping a conductive polymer. The
first method is a chemical doping and involves esxpe of polymer to an oxidam-foping,
i.e. iodine or bromine) or reductamt-doping, less common, i.e. alkali metals such as Na
The second method is an electrochemical doping Imchwa polymer-coated, working
electrode is suspended in an electrolyte solutiowhich the polymer is insoluble along with
separate counter and reference electrodes. That@abtdifference between the electrodes

12



Introduction

causes electron addition or electron removal frov@ polymer. The charged polymer is
compensated by the appropriate counter ions freneléctrolyte.

In trans-polyacetylene charged solitons are formed whenpiblgmer is doped by
acceptors or donors at low concentration. tlanspolyacetylene at higher polymer
concentration and in all othekconjugated polymers, oxidative doping results foranation
of positive polarons — cation radicals that indaceelectronic polarization and spatial chain
deformation of surrounding polymer chain. From guanmechanical point of view polarons
are quasiparticles that move along the chain tegetith their charge. Oxidation of the
polymer, mainly at higher dopant concentration, tzad to the formation of bipolarons -
dications that move as units along the chain. BoRgrbipolarons and solitons contribute to
the electrical conductivity imeconjugated polymers. The fundamental informatidoud
theory, synthesis, properties and characterizatfamconjugated polymers can be found e.g.
in the book of Skotheim and Reynolfis

Beside a simpletconjugated chain as in polyacetylenes, conductolgnpers can
consist of aromatic cycles as in paghyghenylene)s, polptphenylenevinylene)s,
poly(fluorene)s, or heterocycles containing hetenws such as sulfur or nitrogen
(polypyrroles, polythiophenes). A special exampdepolyaniline in which the electrical
properties depend also on the protonation, addilipto its oxidation state.

Conductive polymers are currently used in a nuntbelevices, such as electrodes in
batteries, field effect transistors (organic FET QFET), and sensors. Recent studies of
photon emission by conductive polymers may leatiedw technologies for polymer-based
flat-panel light emitting displays (OLEDs) and palgr solar cells. Conductive polymers also
show promises as molecular wires that can be imcatpd into nanometre-size electronic

devices.

1.2.2.Preparation of nanocomposites of CPs and noble metiPs

Several chemical approaches have been developpreparer-conjugated polymer
nanocomposites with noble metal NPs. GenerallyseHlellow one of two routes: (i) a “one-
pot” approach where the metal salt is reduced withmmon reductant such as NaBRithe
presence of thetrconjugated polymers, or the monomer or polymess atitectly as a
reductant for the metal salt, or (ii) a separagppration of NPs followed by either chemical

polymerization of added monomers around the padiol dispersion of the NPs in a polymer
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matrix. Both approaches can be utilized effectivialghe preparation of dispersed NPs in a
polymer matrix.

Nanocomposites of Au NPs and regioregular polyg8ytthiophene) were prepared
using “one-pot” approach by McCullough et al., wiesformed the reduction of HAuQNith
sodium borohydride in the presence of polythiopffendmong the thiophene class of
compounds, terthiophene and 3,4-ethylenedioxytleopi{EDOT) can be used as a reductant
for gold salt. This approach has been utilized lwiAcula to prepare sexithiophene linked
Au NPs. In his works a tetraalkylammonium functiiwed terthiophen@ or terthiophene-
functionalizedpoly(4-vinylpyridine) (PVP3TY were used as reductants of HAu@ Au
NPs. In the first case, the ammonium salt formealgelectrolyte complex with polystyrene
sulfonate, and subsequent addition of the HAu€$ulted in a formation of Au NPsIn the
case of PVP3T, Au NPs were prepared within hydrdgemded multilayer thin films of
PVP3T and poly(acrylic acid). Similarly, Li et aprepared composite materials using
3,4-ethylenedioxythiophene (EDOT) as a reductantAaf salt in THF solutions with
alkylamines as stabilizelfs "> The Au NPs in the resulting PEDOT/Au NPs composias
found to self-assemble vig-Tt interactions giving spherical aggregates. In otdeobtain
aqueous dispersion of PEDOT/Au NPs composite, polyse sulfonate was used as a dopant
for PEDOT and nanoparticle stabiliZerAu, Pd and Pt NPs of narrow size distributionseve
prepared via reduction of the metal ions by-eonjugated poly(dithiafulvene), facilitated by

s"® Photopolymerization was also used for the

its strong electron-donating properfie
nanocomposite preparation. Breimer et al. prepéhed of polypyrrole with metal NPs by
photopolymerization (UV-Vis lamp set at 254 nm) mjfrrole solution in the presence of
copper, siver and gold sditsThe exposure of mixture of 10,12-pentacosadiyraic and
AgNO; to UV irradiation of high-pressure mercury lampusad the photopolymerization of
the diacetylene and photoreduction of silver ¥8n$he Au NPs formation by reduction of
HAUCI, in aqueous solution of amphiphilic dendrimer males with oligo(p-phenylene)
core under laboratory ambient white light was descr by Chang et &F. The disadvantage

of this approach is the consumption of theconjugated oligomers due to their
photodegradation.

The second chemical route teconjugated/nanoparticle composites is based on the
synthesis of NPs in the first step, followed byherta chemical polymerization of monomer
units around these NPs, or dispersion of NPs iaparsitely prepared polymer solution. For
example Oliveir& ®and zZhantf synthesized composites of metal NPs and CPs hyiche
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polymerization of monomers on Ag NP surface. Thatlsgsis of dodecanethiol-capped silver
NPs/polyaniline nanocomposite was based on a tvasetpolymerization route, in which

aniline was dissolved in a Ag NP organosol in tokieand then mixed with an aqueous
solution of ammonium persulf&fe The polymerization took place at the water/tokien
interface where the Ag NPs were incorporated, Asoa result, a layer of polyaniline matrix

was obtained with the homogeneously dispersed Ag. NPanother work they showed that
different structures of the nanocomposites cantbitaimed, such as a thin shell of polyaniline
around the Ag NPs or a polymer matrix with embedd®d. Polythiophene coated Au NPs

were prepared in two-step process by Zhang &t &lirst, 3-(10-mercaptodecyl)thiophene
stabilized Au NPs were formed by modified Brastnethod, followed by a polymerization of
thiophene, catalysed by anhydrous ferric chloride.

Feldheim et al. used pre-prepared NPs in his stet@mplate synthesis of one-
dimensional poly(pyrrole)/Au NP arrd{s In this method Au NPs are trapped into pores of
Al,O; membrane and aligned along the direction of thee @xis. Then the membrane is
exposed to pyrrole vapor in one side and to salutd Fe(ClQ); on the opposite side.
Iron(lll) salts are known to oxidatively polymeripgrrole to form polymers doped with the
corresponding anion. Finally, the &8s membrane is dissolved with aqueous solution of KOH
to yield a suspension of 1D colloid/polypyrrole quosite structures. This method was also
used for the preparation of thioacetyl functionadizohenylacetylene-bridged Au and Ag NP
dimers and trimef§ %’

The preparation of nanocomposites by dispersiagppepared metal NPs in a polymer
matrix is not a trivial task. In particular, blendi of NPs with most polymers is hindered by
the phase separation that results in particlestesing or aggregation within the polymer
matrix. To avoid this problematic issue, an appipr NP surface modification has to be
introduced®. Surface modification with organic and polymeraligls brings the desired
stability of the NPs dispersion. A ligand excharsggroach is mostly used that typically
begins with well-developed strategies for the prafian of NPs of controlled size, shape, and
surface functionality using small-molecule ligand@kese ligands are then exchanged for the
polymer (typically end-capped or side-groups fumwilized polymers are used, as with thiol-
groups) during mixing the stabilized NPs with th@ymer. The amount of added polymer
depends on the affinity of small-molecule ligandasl &f the polymer to the nanoparticle
surface. As the molecular weight of the incomirggafid (polymer) increases, it is likely that
steric effects slow down the rate of ligand exctedhgStudies with small-molecule ligands

have shown that the rate of the exchange reacti@tso slowed down as the length of the
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ligand molecule and the thickness of the ligandlsherease¥. So, once a polymer ligand
shell is in place, the nanopatrticle stability kely to be increased (and surface accessibility
decreased). For example, Herrikhuyzen et al. obthithe assembly of oligefphenylene
vinylene), (OPV), capped Au NPs by ligand exchamgethod®, in which the original
tetraoctylammonium bromide stabilizer was replabgdstrongly attached OPV derivatized
with disulfide moieties.

Electrochemical synthesis is a well-establishechrigque for the preparation of
Teconjugated polymer films of polypyrrole, polyanii or polythiophene. Resulting polymers
are usually doped with incorporated electrolyteoasiand can be neutralized afterwards by
reversing the electrochemical potential. Similatlye electropolymerization also provides
equally efficient technique for incorporating insble metal NPs into the growing polymer
films, giving birth to a number of composite matési Depending on the metal, the desired
metal NP size and the type of polymer, differenohteques have been developed.

The simplest electrochemical process of obtaicmgposites of a conjugated polymer
and metal NPs is based on the electrochemical teducof metal ions in an
electropolymerized polymer immersed in a propectebddyte system. The electrochemical
reduction yields metal NPs embedded in the polymmetrix. Kost et af’ prepared
polyaniline films containing Pt particles: in thest step, polyaniline was deposited on a
supporting electrode by the electrochemical oxi@atpolymerization of aniline in the
presence of sulfuric acid. Then the polymer coa&ledtrode, in which the polymer is in the
conductive protonated form, was immersed into aitsmi containing PtGf ions. The
penetration of the hexachloroplatinate into theypar was feasible due to its fibrillar
structure. Electrochemical reduction of the sadided Pt particles or clusters embedded in
the polyaniline matrix. The main disadvantage of throcedure is an inhomogeneous
distribution of NPs in the polymer matrix. NPs gexiky form clusters larger than 100 nm.

Au NPs functionalized with 2-mercapto-3-n-octytthhene were synthesized and then
electrochemically co-polymerized with the 3-octidiphene leading to
polyoctylthiophene/Au NP composite filftts The NP stabilizer was incorporated into the
growing polymer chain, yielding a random copolymeth randomly distributed Au NPs in
the polymer matrix.

In order to obtain homogenously distributed Au NiPs polythiophene matrix, Au
NPs were bridged with oligothiophene linkers bycatedepositioff. At first, Au NPs were

capped with oligothiophenes via phosphine groupsectEbchemical oxidation of
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oligothiophenes bound to Au NPs results in the ditjam of thin films consisting of isolated
Au NPs linked by oligothiophene moieties.

Interesting behaviour was observed in the caseyars of polyaniline deposited on
gold electrodes in the presence of chloride iote dhloroaurate anion was generated at the
Au electrode surface. In addition, chloroaurateoarformed a complex with polyaniline at
the nitrogen linkages. Then, the chloroaurate cemplas reduced to form metallic Au

clusters in the polyaniline filfi.

1.2.3. Morphology and optical properties of CPs namcomposites with noble

metal NPs
The effect of the interaction between excited stht€P and SPs excitations in metal

NPs was studied in model systems where NPs wereedinby short =conjugated
linker® **°7 Table 1-2 shows various linker molecules usedWsssels et al. for his
investigation of optical properties of films of APs interlinked by these molecules. It was
found that SPE maxima of such films are red-shiftechpared to those of films of Au-NPs
interlinked by non-conjugated molecules of the sdemgth. The most pronounced changes
were observed for the bis-dithiocarbamate intedthiAu-NP assemblies. In this case of
Teconjugated linker (PBDT), the SPE band which hadrbobserved at 589 and 573 nm for
BDMT and DMAAB (for chemical structures see Tabl)l respectively, disappeared and
only a strong metallic absorption was observed hia hear-IR. Non-conjugated linker
(cHBDT) also exhibited an increase of absorbancéhénnear-IR, however SPE band still
occurred with the maximum at 626 nm. The metalbsaxption for the NP assemblies with
T-conjugated linker was explained by an overlaphef tnolecular orbitals of the linkers and
metal electron wave functions causing the formatddna resonant state that affects the
absorption of the film.

Kim et al® investigated the adsorption characteristics ofphdnylene diisocyanide
on Au NPs. Addition of a small amount of conjugatadlecules into the Au sol caused a
substantial decrease of SPE band at 520 nm andltamaously, a new band around 700 nm
was observed with increasing linker concentratiassigned to the formation of highly
aggregated structures. This result confirmed tkeraction between Au NPs and conjugated
linker molecule via lone-pair electrons of isocyngroups. At low adsorbate concentrations,
small-sized aggregates and isolated particles wbserved because of the effect of the
repulsive barrier between Au NPs covered by citiates. Upon the increasing adsorbate

concentration, large aggregates were formed simeeepulsive barrier had been broken by a
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strong adsorption of 1,4-phenylene diisocyanidéhenAu NP surface. Novak and Feldh&m
used rigid thiol-functionalized oligophenylacetysnof different length as linkers for Ag and

Au NPs to form dimers and trimers. The observedigba in SPE spectrum of Ag NPs were

attributed to the bridging of nanopatrticles by énknolecules.

Linker Length (A) | A(Enomoumo)
=
(1a) BDMT - e 1.7 4.0
bis-mercaptomethylenes
Hi
(1b) cHDMT O 82" 5.0
H:
(2a) DMAAB Hfh.-@—m. 14.8" 3.5
0 &
o bis-acetamidothiols
(2b) DMAAcH .%.N—O—N.. 14.9* 4.7
0 5H
e
&
(3a) PBDT W 10.7° 27
ZNs* bis-dithiocarbamates
o
(3b) cHBDT e 9.6" 3.2

Table 1-2.0verview of linker molecules used in réf.

Among the papers which report the investigationthad role of oligomers on the
optical properties of metal NPs the study of Zettial®’ should be mentioned. In this work
the interaction between Au NPs and several thiophand pyrrole oligomers was
investigated. The main outcome of this study was plolyconjugated heterocyclic oligomers
can aggregate Au NPs. The aggregation kineticsutoNRs was dependent on the oligomer
type and concentration. Some interesting resultse haeen found: (i) the critical
concentration, at which the aggregation occursredses as the oligomer length increases
(longer oligomers provide multiple coordination esit, (ii) a higher polarity of the
heteroaromatic molecule and the presence of additicoordinating atoms favour adsorption
to gold, (iii) the hindrance of aggregation is pgo®d by alkyl substitution of the oligomer.
Depending on the oligomer type used for aggregaiioAu NPs, various types of structures
were observed, changing from spherical aggregaittbstiae size around 300 nm to irregular
dendritic superstructures. Self-assemblies of Aws Nilhctionalized by oliggtphenylene
vinylene) (OPV) into fractal-like aggregates wetsoaobserved by Herrikhuyzen et%aiThe
originally isolated OPV-functionalised Au NPs wedrmnsferred into 1-butanol in which
organization of particles into spherical aggregatasurred. The formation of these structures
was reversible and took place below 80 °C, aboistémperature the organized structures

18



Introduction

disappeared. SPE spectra confirmed the occurrdniteege structures. The aggregation was
found to be dependent on the nature of the usedersiplthe OPV-Au concentration and
nanoparticle size. On the other hand, the variggarezation of nanoparticles could be also
assigned to the morphological changes of the olggoon Au NPs which could act as
nucleation centres for a possible crystallizatibthe oligomer.

The optical properties of the above listed compgasstionfirmed the mutual interaction
betweenre-electrons and SPs of metal NPs. In the UV-Vis speat composites with CPs,
the changes im-Tt absorption band of the polymer, which mostly doatés in the spectrum
of nanocomposite, are connected with its interactuth LSPR of NPs angice versa For
example, a red shift of SPE band of Au NPs embeduedxidized t-conjugated
poly(dithiafulvane) was ascribed to a decreasdefwtork function of Au NPs, which lowers
the energy of the surface resonance State

Moreover, the energy of the-1t absorption band can be used for an estimatioheof t
effective conjugation length of the polymer: redftshin thet—Tt absorption band indicate an
increase in the conjugation length. Red shift ef @albsorption band of diacetylene monomers
indicated the polymerization of diacetylenes whidecurred under UV irradiation.
Simultaneously, Ag ions present in the solutionmainomer were photoreduced. As a result
Ag coated polydiacetylene composite particles arméd”®.

The spectral blue shift mostly indicates the dégtian of the CPE. Low stability
against degradation is a common problem assocveitedCPs which limits the performance
in devices such as light emitting diodes. The I3t of the bipolaron absorption band (from
826 to 780 nm) and that of the polaron band (fra20 # 383 nm) were observed after
ultrasonic treatment of spherical Au aggregates eziued in
poly(3,4-ethylenedioxythiophene) by Li et'®l This was assigned to the decrease of the
antiparallel dipole interaction between the conjadabackbones of PEDOT molecules in
adjacent Au NPs.

1.2.4. Electronic properties of CPs nanocompositegth noble metal NPs
Research in electronic properties of nanocomposites rapidly emerging field of

great fundamental and practical interest owindh@rtpotential to serve as buildings blocks in
nanoelectronic devices. The charge transport phenambetween individual particiés

§01—103:

monolayer multilayers® as well as in two- and three-dimensional structaré* have

been investigated. Generally, it was found thateleetrical conductivity of nanocomposites
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depends on nanoparticle size and aspect ratio, ¢pemeity of NPs spatial distribution and on
the mean interparticle distance.

When the particles are linked by nonconjugatedtelis, electron tunneling is the
predominant mechanism for the electrical conductiarray et af°° used an Arrhenius-type
activated tunneling model to describe the electramsport through a three-dimensional
network of Au NPs covered with a monolayer of vas@rganic materials as arene- as well
as alkanethiolate molecules. The electrical condtgt (o) depends on the electronic

coupling term () and the energy barrieEf) to the electron transfer:

o= 0p exp[:5d exp[-EnksT] 9

where dis the average interparticle distankg,is Boltzmann constant, is the temperature
and oy includes the charge carrier concentration and htplbof the charge carriersn
conjugated linkers. Thus, the electrical conduttidecreases as the length of the linker
increases due to electronic coupling term. Theegfibris interesting to prepare systems with
fixed interparticle distance and varyigtandEa.

In order to vary activation energy for electroansfer between NPs many different
ligand molecules have been used. Torma étalsed linkers covalently or non-covalently
bound to Au NPs. In the case of noncovalently lthiker NPs a linear relation between NPs
distances and activation energy indicates that tmdydistance between the nanoparticles
determines the energy of the hopping processes.cHni be explained by the fact that there is
no direct electronic interaction between the Au MRd the stabilizing ligand molecules. On
the other hand, the activation energies are chenattally lower and do not depend linearly
on the NP spacing for covalently bound linkers. sTlHuggests an electron-transport
mechanism, where bonding and/or antibonding modeonibitals of the ligand are involved
in the conductivity process. Similar results webgained by Bourgoin et &% for monolayers
of Au NPs prepared by Langmuir-Blodgett technigidée electrical conductivity of a
monolayer of dodecanethiol-capped Au NPs is contpamih that obtained after the
subsequent interconnection of NPs by a displacemeht the dodecathiol by
2,5"-bis(acetylthio)-5,25,2"-terthienyl. Electrical measurements showed a tlorelers of
magnitude increase of the conductivity and a deereaf activation energy upon the

displacement. These studies suggest that it woalldfsignificant interest to link NPs using
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fully conjugated molecules in three dimensions,sthmproving the interparticle charge
transfer.

Recent efforts were focused on three-dimensiomatstres in which NPs are linked
by molecules possessing an extendedonjugated electron system or byconjugated
polymers. It is assumed thatweconjugated linker serves as a “molecular wire't gr@hances
the electronic coupling between adjacent partidieshe paper by Sih et &, the electrical
conductivity of dry films of Au NPs capped with ti@ophenes moieties containing phosphine
groups were compared with those obtained by elelogimical oxidation of these particles. It
was found that unlinked terthiophene-capped Au N&g the conductivity three orders of
magnitude lower compared to the linked particldse Bubstantial increase in the electrical
conductivity was assigned to a better charge prajagthrough the conjugated bridge.

Wessels et al* showed that the replacement of the benzene rigrijugated linkers
with the cyclohexane ring (Table 1-2) led to a omeler of magnitude decrease in
conductivity. The authors suggested that the eactransport is a partially nonresonant
tunneling process along the parts of a moleculé séturated electron system and partially
resonant tunneling through the-conjugated parts of a molecule. In other words th
molecules can be viewed as consisting of two etedly insulating (the nonconjugated) parts
in series with conductive (the conjugated) pariterestingly, the conductivity increased with
decreasing temperature for the films of conjugdieddithiocarbamate (PBDT) interlinked
Au NPs. This was in agreement with the optical praps of this film showing the metallic
behavior and indicated the high degree of conjogatf PBDT and good Au-NP/PBDT
contact with overlapping adjacent NP electronic @faxctions.

The conductivities of composites consisting of ABSNandreconjugated polymers
such as polythiophefie polyaniliné®’ or polypyrrolé® were measured and the values were
more than two orders of magnitude higher than tbedactivities of the films of pure
polymer. For example, the electrical conductivity e Au nanoparticle—polyaniline

&% 1% \as found to be 0.3 S ¢hupon incorporation of Au NPs (Au content:

composit
0.04 vol %) whereas that of neat polyaniline wat ®2.10° S cm'. Nevertheless, there has
been no study published yet concerning percolatiehavior of the conductivity in the

presence of Au NPs. The conductivity mechanismioa®een elucidated as well.
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1.2.5. Photophysical processes on metal NP surface
LSPRs of metal NPs are able to markedly enhanceaRasoattering and locally

influence fluorescence of surrounding molecules.eseh techniques provide specific
information about molecules adsorbed on metal sarfRaman spectroscopy, for example, is
able to probe molecular vibrations, but the methsdally suffers from relatively weak signal
intensity. The number of inelastically scatteredtphs is extremely small (about 1 in’idf

the incident photons). Plasmonic NPs provide a gémeethod for enhancing Raman signals
to levels that can make many analytical applicatipossible. The chapters below are focused
on the background of these phenomena, that aredelsmnstrated on several examples of

composites of CPs with metal NPs emerging frommesearch.

1.25.1. Surface-enhanced Raman scattering

$4, 109, 0gho\wed that it

The discovery of surface-enhanced Raman scatté8BRS
was possible to enhance the intensity of Ramanesteg by a roughened noble metal surface
on which the analyte molecules are locafHte ability to enhance the Raman signal via
SERS is fundamentally connected with the morpholoigthe nanostructured surface as well
as with the choice of the metal. The materials UeeSERS are mainly, but not exclusively,
Ag, Au, Pt and Cu. New methods to create nanostredtmetals are constantly evolving, and
SERS targeted research follows the trendswork @eased sensitivity to the levels required
for advanced sensing applicatibndgRecently, the interest moved to novel microscopic
techniques such as Raman confocal and near-fistddosuopies and to the ability to detect
and characterize a single molecule. Signal enhamctmup to 18 over normal Raman
scattering have been observed in these speciad.cllse extraordinary high enhancement is
connected with “hot spots”, i.e. nanoscale locaiggong optical fields, and only molecules
adsorbed in these “hot spots” are able to produamd signal high enough to make
detection of a single molecule possitté**

Briefly, the intensitylrs of Raman scattering (RS) is proportional to theasq of the

dipole momentz light-induced in the molecule, which is given de tproduct of the

molecular polarizibility tensod and the electric field intensify:
IRS:|,L7|2, (10)
L=at. (11)
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Hence, there are two possibilities how the RS @arthanced: either an increaseqobr E.
Also the combination of both enhancements is ptessficcordingly, SERS enhancement can
be explained by two mechanisms: the electromagr{&fié) and the molecular resonance

mechanism.

1.2.5.1.1. Electromagnetic mechanism of SERS

The EM mechanism of SERS is the principal mechanidnSERS that operates
independently on the nature of the studied molé¢uf&™*’ It is based on the enhancement
effect achieved through resonance Mie scatteringe Theory of the electromagnetic
enhancement of RS of molecules adsorbed on spherietal NPs predicts that strong
enhancement will be achieved when: (i) the parsete is much smaller than the wavelength
of the incident radiation, (ii) the frequency ofcéing and/or scattered radiation is close to
LSP resonance of metal NPs, and (iii) the mole@ile a close distance to the nanoparticle
surface.

The extreme enhancement of SERS stems from thethattthe optical wave is
enhanced twice. The incident as well as Ramanesedttradiation is enhanced by excitation
of dipolar surface plasmon and by the resultingolgipemission i.e. by the resonance Mie

scattering. SERS enhancement fac@) can be expressed as:

o= i 00 || )| )

E)+ 28,04 ) | EWA

wherek is empirical constanglo) and&(As) are complex permittivity for the metal at
the wavelength of incident and scattered radiaflmna Stokes process), respectively, and
€med IS relative permittivity of the local medium. The Ekkechanism enhancement can range
between 4 and 11 orders of magnitude, in dependencéhe morphology of the metal
nanostructure, localization of a molecule withie #issemblies, the excitation wavelength and
light polarization selected for the SERS experiment.

The choice of metal substrate is determined by 8BR frequency. Visible and near-
infrared radiation (NIR) is used in SERS spectrogc&ilver and gold are typical metals for
SERS experiments because their LSPR frequency Vatlin these wavelength ranges,

providing maximal enhancement for visible and Nfjht.
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1.2.5.1.2. Mechanisms of molecular resonance
Molecular resonances contribute to the overall eobaent of Raman scattering provided
that their resonance condition is fulfilled simuk@usly with the EM resonance. Molecular
resonance is similar to that in the resonance Rapactroscopy. This technique modifies the
basic Raman experiment by using incident radiatiat nearly coincides with the frequency
of an electronic transition within the molecule.
Two types of molecular resonance contributions in SERe considered in the literature.
(1) SERRS: A molecule itself is a chromophore with resp® the excitation
wavelength used in the SERS experiment. The molecetaimance contribution
has to be evaluated for the actual adsorbed sp&cies
(i) Chemical mechanism: A molecule itself is non-chrphmric with respect to the
excitation wavelength, but forms a chromophoricfae complex. The exciting
radiation is in resonance with a charge-transfandition of a newly formed

surface-adsorbate compfé% %

1.2.5.1.3. SERS ofeconjugated polymers

The use of SERS spectroscopy to characterize condupblymers has attracted
increasing interest during the last ten years armhympapers have been published
recently?**?® SERS spectroscopy has appeared to be an effimehtfor the study of
polymer films, since it allows obtaining not only selective insight into the polymeric
structure but also information concerning the dagan and binding of the conjugated chains
on the metal surface. Moreover, it suppresses @ngtifluorescence emitted by many
T-conjugated polymers.

For example, SERS spectra of polythiophene (PT) ienderivatives recorded on
roughened Ag, Au, Pt and Cu electrodes as wellha&g colloid allowed the vibrational
analysis of PTS> 1% The vibrational modes are different for the podyrin the neutral and
doped forms, thus providing a way for evaluating thxidation level of PT films. SERS
spectroscopy also provided a detailed molecularcatre analysis of PT films during the

doping-dedoping proce¥s
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The deposition of strongly fluorescent
T-conjugated polymer, poly(2-pyridinium
hydrochloride-2-pyridylaacetylene) (P2EPH, %
Figure 1-6), on rough silver surface led to the ©N+H ON
substantial fluorescence quenching which allowed th cr
observation of Raman spectra with excitation in thgyure 1-6.Chemical structure of P2EPH.
visible regio?. The SERS spectra of P2EPH
measured on Ag electrode, in Ag pellet and in Algnsere similar, regardless of which form
of silver was used. Furthermore, it was demongstrét@t the enhancement mechanism is
essentially electromagnetic and the vibrational @sodre not affected by the metal surface.
The frequencies of some vibrational modes assigoegolyacetylenic chain vibrations
showed a dependence on the energy of the excididigition; this phenomenon which was
firstly described for polyacetylenes is known asriaa dispersiolf®. However, the observed
dependence of the position of these bands on ttieaggn wavelength is much smaller than
that reported for polyacetylenes, which probablydicates a limited range of the

delocalization oftelectrons in P2EPH.

1.2.5.2. Fluorescence

In the vicinity of a metal surface, both the ramhatprocesses and/or non-radiative
deactivation pathways of the excited chromophordeoue change due to the interaction
with LSPR of metal NPs. The chromophore emissioensity depends on the distance
between the metal nanoparticle and the chromofhBremutual orientation of molecular
orbitals and surface plasmon associated dipole$,vavelengths of the SP resonance and
excitation and emission maxima of the chromophéiea very close distance, less than
several nm, the chromophore experiences signifinantradiative decay and, consequently,
the emission is strongly quenched. At intermediiééances, around 5 nm for silver, the non-
radiative decay process subsides and the enhanteffest begins to dominaté. variety of
effects such as increased fluorescence intensitieseased photostability, and increased
range of fluorescence resonance energy transfee TFRas observed due to the presence of

metal NP&30-134

1.2.5.2.1. Surface-enhanced fluorescence
Fluorescence enhancement arises from the enhahoasha@phore absorption through
Mie resonance scattering. The effect of fluoresceacbhancement has been intensively
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studied® **" 3%and the enhancement factor was found to reactesahuthe order of 10,
depending on the quantum vyield of the fluorescesfcéne chromophoré® and its distance
from the metal surface. The fluorescence of a cpimre in the vicinity of a nanostructured

metal can be described by the following relatiopshi

Mr+r
- 0m 13
1 (14)

[, =————
F+r,+k,

whereQn, is the fluorescence quantum vyield amgdis the chromophore lifetime modified by
the nanostructurek,, is the non-radiative rate/ is the radiative rate of the isolated
chromophore and, is the additional rate induced by the nanostruéttire

The combined use of plasmonic structures and fagenece molecules bring new
abilities to the fluorescence techniques. Thesesipitiies include: the ability to measure
distances between biomolecules, metallic structtines selectively enhance excitation or
emission at desired wavelengths without enhancawikdround emission, probes that provide
localized multiphoton excitation or emission withwtintensity wide-fields illumination or

ultrabright photostable probes for single-molealgéection and imagiritf-

1.2.5.2.2. Fluorescence quenching
The close vicinity of a metal nanoparticle surfacey alter the nonradiative
deactivation pathways of the excited state of theormophore molecules. Chromophore
qguenching occurs when the chromophore is locateddse proximity to metallic surface

(typically < 5 nm). Both energy-transfer and elenttransfel*>**

processes are considered
to be the major deactivation pathways for excitesbmophore on metal surface.
Fluorescence (Forster) resonance energy tranfET)is a photo-physical process
through which an electronically excited donor malectransfers its excitation energy
nonradiatively to an acceptor molecule. Energy eoretion requires that the energy gaps
between the ground and the excited states of gaaticg donor and acceptor molecules are
nearly the same. This in turn implies that the fisgcence emission spectrum of the donor
must overlap with the absorption spectrum of theeptor. The rate of the energy transfer

(kpa) is given by:

26



Introduction

koa = krad (RE/R)’ (15)

where kioq is the donor radiative transition rate,the center to center separation distance
between the donor and the acceptor Rads the Forster radius, which is a function of the
oscillator strengths of the donor and acceptor mudéss, their mutual energy resonance, and
summation of their dipole vectors.

A number of theoretical and experimental studieistesn the rate of non-radiative
energy transfer from a dye to both a flat metadlicfacé®® and a metal nanoparti¢f&242
The energy transfer in the hybrid composites oerasdies containing metal NPs depends
critically on the nanoparticle size and shape,dis¢gance between the dye molecule and the
nanoparticle, the orientation of the molecular tBpwith respect to the dye-nanoparticle axis,
and the overlap of the chromophore emission with nanoparticle absorptithi Saini et
al.}** examined the distance dependence of resonancgyemansfer between a fluorescent
dye and a Au NP and between two NPs. They fountltiearate of the resonance-energy
transfer followed a distance dependence of Where exponent approaches 6 at large
distances d >> R, R is nanoparticle radius) whereas at short distarfdes 20R) a value
varied from 3 to 4. The authors suggested thatitierence may be understood in terms of
energy transfer on the NP. Furthermore, this engaysfer occurs at distances that are two
times longer than it is usual for the dipole-dipeleergy transfer. Thushe energy transfer
from a molecular excited state to the nanostrudtunetal surface plasmons shows a very
different distance trert¢.

Photoinduced electron transfelku NPs have a unique ability to accomodate elastro
from multiple charge-transfer processes from attdcbrganic moleculé®. Their ability to
display quantized (single electron) charging haanbdgemonstrated by Murrdy. Control of
charging of Au NP thus becomes an important faiitone is interested in modulating the
interaction between the Au NP and a surface-boumdnecophore. Such a photoinduced
electron-transfer process was observed only fotl ks with the diameter lower than 5 nm.

Electron transfer was experimentally confirmed lestw pyrene thiol chromophore
and Au NP suspended in THF solutibfis'*® The suppression of the intersystem crossing
and/or total quenching of the triplet excited siatpyrene as well as the formation of pyrene
cation in this system confirmed that the main deatibn channel of the singlet excited state
of pyrene linked to Au NPs is an electron transfketveen the chromophore excited state and
the surface plasmon state of Au NPs. Interestinthlg,charge separation was sustained for

several microsecond before undergoing recombinatiba electron storage ability of Au NPs
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might improve the charge separation in light haimgsenergy conversion systems. Au NPs
functionalized with two different thiols, one com@d a chromophore (pyrene) and the other
a carboxylic acid (sulfanylpropionic acid) whicihnged as a linker between Au NPs and FiO
surface, were also reporféd The spectroelectrochemical experiments were pegd on a
thin-layer of TiQ with adsorbed Au NPs and pyrene chromophores iestrochemical cell
and emission spectra were measured at variousedppbtentials. At a neutral or positive
potential of the electrode, the photoinduced chatgansfer takes place upon the
photoexcitation of pyrene and the fluorescenceuenghed. As the electrode is biased to
negative potentials, the electron transfer from itedc pyrene molecules to Au NPs
experiences a barrier since they are negativelygelda Therefore, the charge transfer
between the chromophore and Au NPs is suppressetl,tre light emission from the
photoexcited pyrene molecules occurs.

Fluorescence guenching

observed for composites of CPs an
metal NPs was discussed in a fe\
papers but the mechanisms remai
unclear. Heeger and cowork¥fs
published the efficient fluorescence

Sodium citrate
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NPs (Figure 1-7). Three factors were&igure 1-7. Superquenching observed in &, for
. . . polyfluorene-Au NPs composite material. Cationidypter is
taken into account for the discussioBgsorbed on the anionic Au NPs via electrostatiration.

of this efficient  quenching:

(i) electrostatic interaction between cationic ofigers and anionic Au NPs; (ii) the ability of

Au NPs to quench fluorescence via highly efficiaetatively long-range resonance energy
transfer, rather than electron transfer; and &mplification of the quenching efficiency by

exciton transfer or electron transfer within thenjogated polymer. Unfortunately, the

morphology of nanoparticles, which could play thgortant role in fluorescence quenching,
in oligomer or polymer composites containing Au N$’sot discussed in the paper.

Wu et al**’ reported the preparation of the silica-coated résoent conjugated
polymer  (polyfluorene and polyphenylenevinylene ivhdives) nanoparticles.
Functionalization of the nanoparticles shell withiae groups followed by the addition of Au
NPs (prepared by citrate reduction) resulted in fimenation of nanoparticle assembilies.

Efficient fluorescence quenching of the encapsdigtelymer nanoparticles by Au NPs was
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observed and it was assigned to the resonanceetrargsfer; since the electron transfer is
likely blocked by the silica shell in this caseterestingly, in a reference system composed of
a mixture of the same polymer with Au NPs no flsoence quenching was observed, except

of a small inner filter effect.
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2. OBJECTIVES

» Testing the possibility of preparation of monodisgenanoparticles using treatment by
high energy laser pulses. Understanding of the avesim as well as optimalization of the
process of laser fragmentation of chemically pregaku hydrosols. In particular, control
of the process by the parameters of the laser paldiation used for NP fragmentation:
laser pulse energy, its wavelength and charadterief the parent hydrosols, namely, the

nanoparticle size will be explored.

» Development of preparative strategies for nanocaibg® containingTeconjugated
polymers and noble metal nanoparticles. Refinersénhe existing and development of
new methods of metal nanoparticle preparation Wwél pursued. Novetrconjugated
polymers as well as common availali€onjugated polymers having both the functional
groups and molecular units enabling their anchotinthe metal nanoparticle surface will

be designed and tested.

» Fabrication of nanocomposites with well defined pimlogies of metal nanoparticles
exhibiting the surface-enhanced optical phenomeng, surface-enhanced Raman
scattering. A special attention will be focused exploitation how the morphology of
metal nanostructures (nanoparticle sizes, shapggie@ation, and mutual distances)

influences these phenomena.

* Investigation of the Raman scattering and lumineseen “hot spots” generated by the
exciting external optical fields in 3-dimensionatays of metal nanostructures in polymer

nanocomposites.
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3. EXPERIMENTAL

3.1. List of chemicals

NaBH, sodium borohydride (Merck)

HAuUClI,.3H,0 hydrogen tetrachloroaurate(lll) trinydrate (Sayaldrich)

AgNO;3 silver nitrate (Merck)

(CgH17)4N"Br tetraoctylammonium bromide, TOAB, (Aldrich)

(C12H25)4N"Br tetradodecylammonium bromide, TDAB, (Fluka)

(C4Hg)aN"CIO, tetrabutylammoniumperchlorate, TBAPC, (Fluka)

CH3OH methanol (Lach:ner)

CH.CI, dichloromethane, DCM, (Lach:ner)

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

(CH3),SO dimethylsulfoxide, DMSO, (Sigma-Aldrich, A. C. §pectrometric
grade)

H.O deionized distilled water, specific resistancg&MQcm (Elgastat

UHQII purification system (Elga, UK))

HNO; nitric acid (Lach:ner)
H.SO, sulfuric acid (Lach:ner)
HCI hydrochlorid acid (Lach:ner)
H,0, hydrogen peroxide (Lach:ner)
(CoH1oN' 1), poly(N-ethyl-2-ethynylpyridinium iodide), PEEP-Ilitidly provided by
Dr. Sedl&ek, Charles University in Prague)
(C12H18Sh poly(3-octylthiophene-2,5-diyl), P3OT, regioregutar 98.5 %
(Sigma-Aldrich)
(C18H2802)n poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenyleneyiene], MEH-
PPV (Sigma-Aldrich)
(a) (b) (©)
] CHa(CHa)sCHs - P T
_ % _
/\
S o]
L CHs .

Figure 3-1. Chemical structures of polymers used in the expemim described in respective chapters:
(a) poly(N-ethyl-2-ethynylpyridinium iodide), PEEP-I h@pter 4.2., (b) poly(3-octylthiophene-2,5-diyl3®T,
Chapter 4.3., (c) poly[2-methoxy-5-(2-ethylhexyldd;4-phenylenevinylene], MEH-PPV, Chapter 4.4.
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PEEP-I was synthesized by Dr. Segld (Charles University in Prague, Faculty of
Science, Department of Physical and Macromolecul@hemistry) by reacting
2-ethynylpyridine with iodoethane in bulk that deéo a formation of conjugated ionic
PEEP-I through a spontaneous polymerization of thentermediate
N-ethyl-2-ethynylpyridinium iodid®® **° Number-average molecular weight for PEEP-|
determined by SEC analysis (DMF, PMMA calibratiergsM, = 31 000.

P30T and MEH-PPV were purchased from Sigma-Aldieid used as received.
According to the liquid chromatography acquiredki 1100 apparatus, using polystyrene
calibration standards, molar weights were deterchasM, = 18 700 g/mol and 63 800 g/mol
for P30T and MEH-PPV, respectively.

Glassware

All glassware was cleaned by the mixture of sutfghacid and hydrogen peroxide
dubbed “piranha” solution (3 parts of concentrdte80, and 1 part of concentrated®) in
order to remove residual organics. Then, it washedswith freshly prepared aqua regia
(three parts HCI, one part HNJXto remove Au or with diluted HN§X1 part of concentrated
HNO3; and 1 part of BD) to remove Ag contamination from previous expemts. It was
followed by extensive rinsing with distilled andybsequently, with deionized water. In

Chapter 4.1., deionized redistilled water was Usedinsing to avoid residual ionic species.

3.2. Preparation procedures used for respective chapters

to Chapter 4.1.

Au nanoparticle hydrosols (Aul — Audere received from Dr. Slouf (Institute of
Macromolecular Chemistry ASCR, v.v.i.). Size-coiigd preparation procedure described in
details in ref! and based on a modification of an earlier repoprededuré® was employed
to yield hydrosols with pre-calculated mean Au NiZes of 4.5 nm (Aul), 11.7 nm (Au2),
35.0 nm (Au3) and 105.8 nm (Au4), respectively.eByi, the hydrosols were prepared by
reduction of HAuCJ by hydroxylamine hydrochloride in the presencesofall Au NPs
previously prepared by reduction of HAyQly NaBH,, acting as seeds. Since in the size-
controlled preparation, the amounts of the reastaahd, consequently, the size of the
particles varied, the resulting concentrations afMPs were 6 x 18, 1 x 13 3 x 13° and

8 x 10 NPs/mL, for Aul - Au4 hydrosols, respectively.
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to Chapter 4.2.

Ag nanoparticle hydrosalas prepared by reduction of Aghl@ith NaBH, following
the procedures described in f&f*>° Briefly, 3.5 mg of NaBH was dissolved in 75 mL of
deionized water and cooled down to 2 °C. After hesg this temperature, 9 mL of
2.2 x 10*M aqueous solution of AgN{precooled to ~ 8 °C) was dropwise added under
vigorous stirring. Stirring was continued for 45mrmiThe resulted colloid was bright yellow
with the maximum of SPE band at 396 nm.

The Ag/PEEP-I SERS-active systayhsarious Ag to polymer ratios were prepared by
adding a measured volume of PEEP-I stock solumoBMSO to 2 mL of the Ag hydrosol.
Several batches were prepared with the resultifgFPEconcentrations in the hanocomposite
systems between 5 x ¥ and 1 x 10 M.

to Chapter 4.3.

Preparation of Au organosols in toluen&u organosols were prepared by adopting
the procedure originally developed by Brust etfail.thiol-derivatised Au NPs dispersed in
toluené’. An aqueous solution of HAUE(30 mM, 6 mL) was added to 16 mL of 50 mM
toluene solution of phase-transfer agent, tetrdactynonium bromide (TOAB) or
tetradodecylammonium bromide (TDAB), to form a tplmase system which was then
vigorously stirred for 20 min in order to transferetal ions into the organic phase. The
originally yellow aqueous phase became colourlesisthe initially colourless toluene phase
turned red as a result of the optical absorptioAw!, ions transferred into this phase. In the
next step, the aqueous phase was removed in aas@pyafunnel and a freshly prepared
solution of reducing agent (NaBHin deionized water (0.5 M, 2.5 mL) was slowly addo
the toluene phase containing Aydbns. The mixture was stirred for two hours anftiera
phase separation, the toluene phase was colleadhace times washed with redistilled
deionized water to remove side products. The sgniveas performed at room temperature in
the case of using TOAB while elevated temperatilire 87 °C) was used for the preparation
of organosol with TDAB because of its worse solitypét room temperature.

Preparation of Ag organosols in toluen€irst, the same procedure as for Au
organosols was used for Ag organosol preparatisimgul OAB as a phase-transfer reagent.
However, in comparison to Au organosols, a higlerdéncy to NPs sedimentation was
observed after the reducing agent was added amadgdiine subsequent three-hour stirring of
the reaction mixture. In case of using TDAB as agghtransfer reagent, the stirring was

limited only for 5 min to avoid NPs aggregation.t&f the stirring, the aqueous phase
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containing reductant was removed and the resulggdrgdanosol was left to stay overnight at
laboratory temperature. It should be noticed tlmhIsolutions of the phase transfer reagent
and AgNQ are colourless. The transfer of Ag ions from thaeenus into the organic phase is
accompanied by the color change of aqueous phase dolourless to milky colour which
corresponds to the formation of AgBr precipitate.

Ag/P30T and Au/P30OT nanocomposites of a typeere prepared by mixing the Au
or Ag organosols prepared as described above WRBQ@IT solution, which was prepared by
dissolution of 35 mg P30T in case of compositehiviitt NPs or 19 mg P3OT in case of
composites containing Ag NPs in 6 mL of tolueneet® mL of the polymer solution was
added to 16 mL of the metal organosol to prepamoc@mposites typ&, followed by
vigorous stirring for two hours. Then cca 200 mLthamol was added and after the
precipitation the nanocomposiM was isolated by centrifugation, two times washeth w
methanol and finally dried in vacuum oven at 65f@Cfour hours. Au/P30T and Ag/P30T
weight ratios in the resulting compositdswere 1/1.

Ag/P30T and Au/P30OT nanocomposites of a tigpevere prepared by am situ
reduction of metal ions with NaBHn P3OT solution. At the first stage, a solutidnmuetal
ions was prepared using the procedure describedealbar the preparation of metal
organosols (until addition of NaBH Then 6 mL of the polymer solution, containing 18§
P30T in case of Au/P30T nanocomposites and 19 nyTRB case of Ag/P30T composites,
was admixed. Finally, an aqueous solution of NaB#H5 M, 2.5 mL) was stepwise added
under vigorous stirring. The reaction mixture wased for two hours, then poured into a
separatory funnel to remove the aqueous phasendimecomposit® was purified according
to the same procedure described above for the pammusites typeM. Au/P30OT and
Ag/P30T weight ratios in the resulted composResere 1/1.

to Chapter 4.4.

Preparation of Au organosols in dichloromethane @CAu organosol in DCM was
prepared by the same pathways as Au organosoluan®e since the phase transfer reagent
(TOAB) is also well soluble in DCM.

Au/MEH-PPV nanocomposites typ and R. The procedures described above to
Chapter 4.3. for the preparation of Au/P30T comjesstypeM andR were used for the
preparation of Au/MEH-PPV composites. The polymdEH-PPV) was dissolved in DCM
(5 or 35 mg in 6 mL of DCM in case of preparatidrcomposites typd1; 5, 15, 25 or 35 mg
in 6 mL of DCM in case of preparation of compositgse R). The corresponding Au/P30T
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weight ratios in composites typé were 7/1 and 1/1 which are hereafter denotelll aand
Mi. Au/P30OT weights ratios in composites tyRewere 7/1, 2.3/1, 1.4/1 and 1/1 which are
hereafter denoted &5, R 3 Ri4andRy, respectively.

Preparation of reference systenii$.MEH-PPV/NaBH, Reference system containing
the reducing agent and the polymer, without theaimsalt, was prepared by mixing an
aqueous solution of NaBH2.5 mL, 0.5 M) with the MEH-PPV solution in DCNs,(15, 25
and 35 mg in 6 mL of DCM).

(i) MEH-PPV/AuUCL, (TOAB). The laboratory protocol described above far
preparation of nanocompositBs - R; was followed up only until the polymer additiorg.i.
NaBH, was not added. Samples (each 5 mL) were gradtadgn from the reaction mixture

at various reaction times, isolated as describedebnd subjected to SEC analyses.

3.3. Instrumentation and preparation of samples for the
measurements
Generally, measurements of UV-Vis spectra and mnéson electron microscopy

(TEM) imaging were used for characterization of N#&és and nanocomposites containing
metal NPs in all chapters.

UV-Vis absorption spectravere recorded using a double beam Perkin Elmerbidam
950 UV-Vis spectrometer. Samples in solutions weeasured in a 1 cm quartz cuvette. A
special holder with a 2 mm circular aperture waeduer measurements of UV-Vis spectra of
thin films of composites with P30T (in Chapter 4)3.The polymer composite films
containing metal NPs were prepared by spin-codtimg the composite solutions in toluene
(P30T concentration: 0.3 wt %) on glass substrates.

Transmission electron microscopy (TENHaging was performed by a JEOL
JEM200CX or TECNAI G2 SPIRIT (FEIl, Czech Republitjansmission electron
microscopes.

In the experiments described in Chapters 4.1. aRd 4 small drop of hydrosols or
composite systems in a particular stages of fragaien (Chapter 4.1.) or aggregation
process (Chapter 4.2.) was transferred onto a cappsh grid covered with a carbon foil and
left to dry on air.

In Chapters 4.3. and 4.4., a small drop of metgaiosols or composite solutions was
transferred onto a copper grid covered by a cafbibiand after 15 s the drop was sucked off
by a filtration paper.
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Statistical evaluation of the NPs size distributwas performed by a commercial
image processing and analysis computer program AU G Version 4.6, Laboratory
Imaging Ltd.

Particle size distributions were calculated frore thinary data image by a standard
procedure using thEgDiameter(equivalent diameter) feature. The equivalent diamis a
size feature derived from the area of the objéatetermines the diameter of circle having the

same area as the corresponding object:

EgDiameter= . /w : (16)
T

An exact separation of the particles in a binarggewas necessary before udtgpPiameter
feature. Equivalent nanoparticle diameters obtame@EM image analysis were statistically
evaluated as mean value, standard deviation andaméoh 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 proceqwblished by Siiman et & Fractal

dimensionD was calculated using the mass-radius relation:
M ~RP, 17)

whereM is the mass of the object of the sReTEM micrographs used for the determination
of the parameteD were covered by systems of centered squares. Asgutimat all Ag
particles have the same size, the number of pastiol one square can be taken as the mass of
the fractal object confined by the square of aipaldr size. The slope of the dependence of
the number of particles versus the side-lengthhefdquare in double logarithmic plot thus
represents the fractal dimensibrof the Ag NPs assembly.

to Chapter 4.1.

The experimental arrangement used for time situ monitoring of the laser
fragmentation process is shown in Figure 3-2. Tyardsol containing Au NPs was placed in
a four-sided quartz cuvette. An active Q-switchedYNG laser system (Continuum
Surelite 1) equipped with a KDP crystal frequenoybler or tripler, respectively, was used as

a light source for the fragmentation, providinggad of 3 — 6 ns duration (FWHM) in a
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repetition rate 10 Hz and yielding a maximum enet@9 mJ (532 nm) and 90 mJ (355 nm)
per pulse, respectively, in the beam of a Gaussiepe with a cross section 66 farfihe
laser pulse energy was measured using power det@emtec PSV-103) equipped with a
volume absorber. In order to achieve a homogengmdiation of the whole volume of the
hydrosol in the cuvette, a quartz cylindrical levess employed to produce the beam profile of
an elliptical shape. The optical absorption of thalrosol was measured situ in the
perpendicular direction to the fragmentation lassam using a CCD fiber optics
spectrophotometer Ocean Optics MC2000 equipped with measuring UV-Vis and NIR
channels and one reference channel and a combegdraim-halogen light source DH2000.
This experimental arrangement allowed to measuie §fectra of Au hydrosols after each
particular pulse.

TEM imaging was used for thex situcharacterization of Au hydrosols.

Stacionary
source of light
O > —_ | Spectro-
Cylindrical ’ photometer
lens /7
Quartz
- cuvette
Frequency
multiplicator
{1

Nd-YAG laser

Figure 3-2. Experimental setup used for the laser fragmentagicotess. This
arrangement allowed to measure SPE spectra of Atokyls after each particular
pulse.

to Chapter 4.2.

SERS spectraf Ag/PEEP-I systems were measured from hydrogsiesns placed in
a 1 cm quartz five-window cuvette as well as frdm Ag aggregates drop-cast on glass
substrates. They were recorded with a Raman speeteo equipped with a monochromator
(1600 gr/mm grating, Jobin-Yvon-Spex 270M) and CCBtector (100x1340 pixels,
Princeton Instruments). 90° scattering geometry wsed. Excitation was provided with
441.6 nm line of a He-Cd laser (Liconix 4230N) otha488.0 and 514.5 nm lines of an
Ar¥ion laser (Coherent, Innova 300). The average lassver at the sample was about
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10 mW for a He-Cd laser line and about 150 mW faf fn laser lines. The spectra
acquisition time was 150 s. A necessary post-attgunisspectra treatment was done by the
SPECTRACALC program (Galalactic Industries Corpl). preparations and measurements
were made at room temperature.

Fluorescence spectraf the Ag/PEEP-I systems were measured in a 1 oartz
cuvette using steady state fluorimeter SPEX Flug@-11.

to Chapter 4.3.

Scanning electron microscopy (SENMEM images were taken on thin films prepared
by spin coating of nanocomposite solutions on agykubstrate. Images were obtained using
SEM microscope Quanta 200 FEG (FEI, Czech Repubdja)pped with a field emission gun,
using a secondary electron detector. The acceigratltage varied between 15 - 30 kV, spot
size 1 - 3um and working distance between a sample and deteet® about 10 mm. Exact
values are given below each SEM image.

The elementaknergy dispersive analysis of X-rafSDAX) was performed on the
same films as used for SEM with a Quanta 200 FEGascope equipped with an EDAX
detector.

Dynamic light scattering (DLS)he time correlation functions were measured at th
scattering angle 173° on a Nano-ZS, Model ZEN36Malgern, UK) zetasizer. The
DTS(Nano) program was used for the data evalualiba.mean values of the positions of the
size distribution peaks were taken to representddta. Samples were measured in a 1 cm
four-sided square quartz cuvette. Toluene was ased dispersant in all measurements. The
polymer concentration of the composite samples wabw 0.1 wt %. Prior to the
measurements, all samples were filtered through5 Om PTFE filter except
Ag(TDAB)/P30T composite typ# in which the presence of large aggregates wasstid
from TEM observation and using small filter poresuld influence experimental results.

Raman spectraf Au/P30T and Ag/P30T composites were measurethionfiims
prepared as described above for UV-Vis spectroscdpgman confocal microscope
(LABRAM HR-800, Horiba Jobin-Yvon) equipped with @CD detector was used for
measurements with 632.8 and 514.5 nm excitation eleagths under the following
experimental conditions: laser powers 0.2 mW fo#.51nm excitation and between
0.1 — 2 mW for 632.8 nm excitation, entrance dl0 um, confocal aperture 400m. The
spectral acquisition times were 60 s and 150 sAtP30T and Ag/P3OT composites,
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respectively. The spectra obtained with 441.6 neitation line of a He-Cd laser (Liconix
4230N) were recorded with a Raman spectrometerppgdi with a monochromator
(1600 gr/mm grating, Jobin-Yvon-Spex 270M) and CQietector (100x1340 pixels,
Princeton Instruments). 90° scattering geometry wsed. The average laser power at the
sample surface was about 3 mW. The spectral atignisime was 300 s. All necessary
mathematical spectra treatment was done using BEECIRACALC program (Galalactic

Industries Corp.). All preparations and measuresesmre made at room temperature.

to Chapter 4.4.

Raman spectraof AU/MEH-PPV composites were measured with Rarcanfocal
microscope at 632.8 nm excitation wavelength uridersame experimental conditions as
written above in the Instrumentation to Chapter. 4l spectra acquisition time was 150 s).
The samples were prepared by a drop-casting of ositgpsolutions onto a glass substrate.

Infrared spectrawere recorded on powder samples using a PerkiiERaragon
1000 PC FTIR spectrometer equipped with a Specadl I@dlden Gate Single Reflection
Diamond ATR System in the range 400 — 3600'ciR spectra were obtained from 16
accumulated scans with a resolution 4'cm

Size-exclusion chromatography (SEEalyses of Au/MEH-PPV composite solutions
as well as neat polymer solutions were done usmdiB 1100 Series HPLC instrument
equipped with a diode-array UV-Vis detector (DAD)daa refractive index detector, a series
mixed B, mixed C and mixed E columns (Polymer Lalanies, Bristol, UK) and THF as
eluent (flow rate 0.7 mL/min). The system was calied using polystyrene standards with
molecular weights (MWs) in the range from 365 ta 2¢° (Polymer Laboratories, Bristol,
UK).

Cyclic voltammetrywas performed with a potentiostat (AMEL instrunsgntnodel
7050), using Pt working electrode, Pt counter ebelet, and a saturated calomel electrode
(SCE) as the reference electrode. The measuremsatse performed with 0.1 M
tetrabutylammonium perchlorate in DCM as a suppgrglectrolyte. AuGI/TOAB solution
was prepared according to the laboratory protomobfpreparation of Au NP organosol until
reductant addition. AuGITOAB solution with five times excess of TOAB wasepared
similarly as AuC{/TOAB solution, only the concentration of TOAB wiage times higher. In
case of preparation of AUQITBAPC, TBAPC was used instead of TOAB. The sohsiof
AuCl;/TOAB and AuCk/TBAPC for cyclic voltammetry measurements wereppred by

addition of 1 mL of these solutions into 30 mL o€ in a voltammetry cell.
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SEM imaging and EDAXneasurements were performed similarly as repoirted
Instrumentation to Chapter 4.3.

Fluorescence spectraf the AU/MEH-PPV compositéR; andR; were measured in a
1 cm quartz cuvette using steady state fluorime&&EX Fluorolog 3-11, excitation
wavelength was 500 nm. Low concentrations of MERLPR.7 x 10* wt %) in the
composites enabled to exclude the effects of ifilter 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 monodiperse
Au NPs of various sizes

In this chapter, results of the investigation oa ihteraction of repetitive high-power
nanosecond laser pulses with near-spherical Au NiBpersed in water and having various
mean sizes are presented. The effects of the laslse fluence (Chapter 4.1.2.), laser
wavelength (355 and 532 nm, Chapter 4.1.4.) andcefdf the initial nanoparticle size
(Chapter 4.1.4 on fragmentation of Au NPs has been explored. Ayyurosols obtained after
the laser pulse impact were characterized by in-sieasurements of surface plasmon
extinction (SPE) spectra and by TEM imaging. TEMages were analyzed for determination
of nanoparticle size distribution in order to exsithe morphological changes caused by the
laser pulse impact. For elucidation and compariosome of these effects, laser fluence has
been adjusted in such a way that the same amouwmesfyy per pulse was absorbed in the

various parent Au hydrosols.

4.1.1.Parent Au hydrosols
Hydrosols containing Au NPs with mean diameters5pfll, 35 and 104 nm (as

determined by TEM imaging and analysis) were usgHinvthe experiments. The values of
the mean particle sizes determined by the imaglysiaaonfirmed that the synthesis yielded
nanoparticles with the theoretically pre-calculatatlies within an error of 10%. The UV-Vis
extinction spectra of the hydrosols are shown gufé 4.1-1. The SPE of the NPs is clearly
observed, with the maximum and the halfwidth of éixéinction bands dependent on the NP
size. The maxima of the SPE bands for the hydrosils NP having the mean diameter of
5 (Aul), 11 (Au2), 35 (Au3), and 104 (Au4) nm weleserved at 514, 519, 524, and 568 nm,
respectively.

The relationship between the position of the SPEimam and the mean patrticle
diameter is plotted in Figure 4.1-2. The SPE maximshows a systematic shift towards
longer wavelengths with the increasing mean partisize, that is in agreement with
theoretical calculatior’? and previous experimental observatiortS In the size interval
10 — 30 nm, the position of the SPE maximum dodschange. For particle sizes below
10 nm, the shift of the SPE maximum towards lowar&engths is observed. In particular,
the results obtained in this study were compareth¢oSPE maxima positions of Au NPs
prepared by El-Say&dvho studied NPs within the same size range of¥®-am. A good
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agreement between extinction spectra of the pesticlsed 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 Aul — Au4 hydrosols Figure 4.1-2. Comparison of the positions of the SPE

maximum of Au sols Aul - Au4 hydrosols (squares)
and those of hydrosols reported in t¢gircles).

4.1.2.Effect of laser pulse fluence on fragmentation of & NPs of various
sizes
Extinction spectra of Aul — Au4 hydrosols irradditby 532 nm laser pulses of

various fluences were measured in-situ after thgaghof 1 pulse, 600 and 1800 pulses. The
spectra for particular fluences are shown in Figude3. For Aul hydrosol, the spectrum of
the parent sol does not change significantly dufitagmentation with pulses of all used laser
fluences. Only small decrease in extinction is oles after the impact of 1800 pulses at the
highest laser fluence (205 mJfgulse). For Au2 hydrosol, the spectrum of the paren
hydrosol does not change only during fragmentatath the pulses of the smallest laser
fluence (45 mJ/chpulse). The pulses with higher laser fluences (86 205 mJ/cripulse)
cause both the decrease in extinction and the shBfPE maximum of the parent hydrosol.
While the shift of SPE maximum of the parent sol abserved for the fluence of
86 mJ/cm pulse after the impact of 1800 pulses, for therflte of 205 mJ/cfpulse the shift

of SPE maximum is observed after the impact ohglsipulse. For Au3 and Au4 hydrosols,
the changes of SPE spectra of the parent solskeaeraed during fragmentation with laser
pulses of all fluences. For Au3 sol, a decreasexiinction occurs even after the impact of
1800 pulses with the lowest laser fluence (45 m¥fafse). For fragmentation with the pulses
of laser fluences higher than 45 mJfpmise the decrease in extinction intensity is
accompanied by a shift of the SPE maximum. Thidt sbécurs for the fluence of
86 mJ/crpulse after the impact of 600 pulses, for the fageof 205 mJ/chApulse,
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Figure 4.1-3.Time evolutions of in-situ measured SPE spectréwuf-Au4 hydrosols after the impact of a
single pulse, 600 pulses and 1800 pulses of 53%awvelength at various laser fluences.
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a significant shift is observed after the impacaainglepulse. The most pronounced changes
take place during fragmentation of Au4 hydrosolstift of the SPE maximum of the parent
sol is observed after the impact of 1800 laser gaulef the lowest laser fluence
(45 mJ/cripulse). With increasing laser fluence used for rfragtation of Au4 sol, the
spectra change immediately after the impact ohglsipulse and the effect on the extinction
intensity and shift of SPE maximum grows with irasig laser fluence.

In Figure 4.1-4, the position of SPE maxima of lyerosols after selected number of
the impacted pulses is plotted as a function d@rlfisence. The most pronounced changes in
the SPE maximum position - from 567 to 522 nm -en@vserved for Au4 hydrosols after the
impact of 1800 laser pulses at the highest lasenfie. For Au3 hydrosol, the changes of SPE
maxima were noticeable after the impact of 180Cerlagulse at fluence higher than
45 mJ/crpulse, as shown in Figure 4.1-4. At the higheserfte, the shift from 524 to
515 nm was observed. Negligible changes in positib®&PE maximum for Aul and Au2
hydrosols were observed, which vary only within arperimental error of the used

spectrophotometer.
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Figure 4.1-4.Dependence of the position of the SPE extinctiaximum of Au4 (blue symbols), Au3 (green
symbols), Au2 (red symbols), Aul (black symbolsdtogols on laser fluence after the impact of 1 euls
(squares), 600 pulses (circles), 1800 pulses @léa). Laser wavelength 532 nm.

From the results described above it is obvious titmatchanges in SPE spectra of the
hydrosols during fragmentation with laser pulsesarious fluence, in particular the shift of
the SPE maximum with increasing number of impatasdr pulses of a particular energy, is

proportional to the size of the NPs. Accordinghe telation between NPs size and position
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of the SPE maximum in Figure 4.1-2, the spectrainges observed for both Au4 and Au3
hydrosols correspond to a size-reduction of Au NRsthermore, it appears that for the Au3
and Au4 hydrosols the process of laser fragmemtaisocumulative with the increasing
number of subsequent pulses: for longer time oflagmentation the shift in SPE maximum
position starts to appear at lower laser fluenae. Aul and Au2 hydrosols the prediction
about the size reduction is not so simple as fo8 Aod Au4 hydrosols because of the very
low sensitivity of the SPE maximum to the changel®s size for diameters 10 - 30 nm (see
Figure 4.1-2). Therefore, TEM imaging and image lgsia of the resulted deposited
hydrosols were done for determination of the NRsizZThe image analysis of the Au NPs
found in the Au2 — Au4 hydrosols after the impaic1800 pulses at fluence 250 mJfpmise
showed that the resulted hydrosols contain thegestwith the same mean particle size of
about 6 nm. On the other hand, the irradiation ot Aydrosol at the same laser fluence led to

a slight increase of the NP diameter (from inifiaim to about 7 nm).

4.1.3.Effect of initial Au NPs sizes on their fragmentaton with laser pulses
of normalized fluences
The following experiment was designed to elucidhieeffect of the initial size of the

NPs on their final size distribution after fragmetian. Aul - Au4 hydrosols, containing
particles with various mean diameters, were irr@didoy laser pulses of the same wavelength
(532 nm). The respective normalized laser fluenaeed for the fragmentation were
calculated from the optical absorption of the hgie at this particular wavelength to
provide the same absorbed energy per pulse inytes$ol, all other conditions were kept
constant.The exact value of optical absorption could notdaéculated simply from the
measured optical transmission of the hydrosol besmabesides the optical absorption, also
scattering contributes to the extinction coeffitiefo know the amount of energy absorbed in
the hydrosol correctly, we measured the diffusingmission and diffusion reflection of
hydrosols using an integrating sphere. Comparedh#o values obtained using normal
transmission-mode measurements, the real absoneegyewas only between 70 to 90 %.
SPE spectra were measured in-situ during the caafrébe fragmentation process.
Figure 4.1-5 shows the extinction bands of Aul 4 Aydrosols after the impact of a single
pulse and 1800 pulses, respectively, for the lfisences corresponding to the absorbed
energy of 41 mJ/cfpulse in the tested volume of the hydrosols. Ole#evspectral changes
in extinction of Au3 and Au4 hydrosols were detdcdter a single pulse. Typically, we see a

broadening of the bands, a decrease in extincidreacharacteristic blue shift. In the case of
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Au3 the extinction maximum shifts from 525 to 51 @and for Au4 from 563 to 537 nm

after the impact of a single pulse. After the intpat 1800 laser pulses the most marked
change in the position of maximum was observedAio4 hydrosol where the maximum

shifts from 563 to 514 nm after 1800 pulses. Beeahs positions of SPE maximum of all

sols shifted to values less than 519 nm after mmgact of 1800 pulses, we expect similar
composition of all the final products of fragmemdat having NPs with diameters below
20 nm.

0.30 . ; . ; . ; . ;

L (a) Aul, after 1 pulse |
025 Au2, after 1 pulse 1
’ Au3, after 1 pulse — 77—
Aud4, after 1 pulse | = 200 i N Aul ]
020 - S | d = (5.4+ 1.4) nm|
s S 100 N §
= g O - =1
= | ]
e;% 0.15 N 0 L |N.@| ANNNI .N- (IR T
w 0 2 4 6 8 10 12 14
0.10 u 300F T T T _T— T T 1 L 3
= Ot N Au2
3T N d=(4.3+1.7) nn|
0.05 F E O 100k N @ ]
\ﬁm 0 I ANNN/NNNANNN NN AN .@Im. (I T |
0.00 n 1 n 1 n 1 n 1 n
300 400 500 600 700 800 0 2 4 6 8 10 12 14
Wavelength [nm] T T T " T T T T 1
€ 100 | -
030 T T T T T T T T T 8
| (b) —— Aul, after 1800 pulses || O 50 -
— Au2, after 1800 pulses 3
025 Au3, after 1800 pulses [ (O —
s | — Au4, after 1800 pulses | 0 2 4 6 8 10 12 14
e}
0.20 T T ¥ T T T T T T T T
i g 300 N Au4d ]
S 3 200 - d = (4.4 £ 1.5) nm
(8]
< 015 @) [ ]
=t NNNY '
w 0 [ .NI n Il n Il .lex—n 1 L 1
0.10 0 2 4 6 8 10 12 14
Diameter [nm]
0.05
0.00

300 400 500 600 700 800
Wavelength [nm]

Figure 4.1-5.In-situ measured extinction spectra of AuEigure 4.1-6. Nanoparticle size distributions of Aul
— Au4 hydrosols after the impact of (a) a singléspu — Au4 hydrosols after the impact of 1800 laser gsils
and (b) 1800 pulses of 532 nm wavelength. Tl 532 nm wavelength. The normalized laser
normalized laser fluences were 151, 248, 270 arl Fences were 151, 248, 270 and 245 mipeise
mJ/cnfpulse for Aul — Au4 hydrosols, respectively, teor Aul — Aud hydrosols, respectively

provide the same absorbed energy.

The NP size distributions obtained from the analydithe TEM images of the final
products are shown in Figure 4.1-6. Remarkableedifices between the behavior of
Au2 — Au4 hydrosols on one side and Aul on the sppavere observed. Size distributions

indicate that the fragmentation of all Au2 — Audssprovides small particles with mean size
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about 5 nm, particles larger than 10 nm were neenked except of a few particles in the
final Au3 hydrosol. Surprisingly, the distributioof diameters of NPs found in the Aul
hydrosol after the fragmentation was slightly shdftowards larger values after irradiation.
The measurements performed at the same energybalsior the hydrosols thus confirm the
conclusions obtained from the measurements atitiees$t available laser fluence (previous
chapter). All initially large NPs end up with thanse size but, if the fragmentation starts with
already small NPs having the diameter below a itenalue, the NPs tend to small but

detectable growth.

4.1.4.The effect of laser pulse wavelength on fragmentatn of Au NPs of
various sizes

To elucidate whether the fragmentation process Bsvelength selective, the
fragmentation was performed by laser pulses of wmavelengths, 355 and 532 nm,
respectively, while all the other conditions weepkconstant. The energy per pulse used for
the fragmentation was again calculated on the ledsilfferent extinction coefficients at the
respective wavelengths. The laser fluence was tdjis0 as the same amount of energy per
pulse was absorbed by the NPs at both wavelendpthsitu measured SPE spectra of
Aul — Au4 hydrosols after the impact of a singléspu600 pulses and 1800 laser pulses are
compared in Figure 4.1-7. SPE spectra of the hyisodul and Au2 do not significantly
change upon laser irradiation at both wavelengltge shifts of SPE maximum are not
observed, only a decrease in extinction intensttyucs. While for Aul sol this decrease is
observed after the impact of 1800 laser pulsesAla2 sol the decrease occurs after the
impact of 600 pulses. The impact of a single pwis855 nm wavelength on the hydrosols
Au3 and Au4 causes a blue shift of SPE maxima Fsgare 4.1-7). On the other hand, the
impact of a single pulse of 532 nm wavelength doeschange the spectra of the parent
hydrosols. With increasing number of impacted |lgadses, blue shifts of SPE maxima are
observed at both wavelengths of laser pulses. Alfteimpact of 1800 laser pulses, the Au3
hydrosols with nearly identical SPE spectra araiokd for both fragmentation wavelengths.
Impact of 1800 laser pulses of 355 and 532 nm veangths influences the SPE spectra of the
hydrosol Au4 by different ways. More pronouncedftsbf SPE maximum is observed for
532 nm fragmentation wavelength (from 561 to 541 sompared to the shift from 562 to
553 nm for 355 nm fragmentation wavelength. Thigebkhift of the peak position is
analogous to that reportedinhowever, in that case, it has been ascribeddoggs not only

in size, but also in the shape of the initially rspherical particles.
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Figure 4.1-7.In-situ measured SPE spectra of the parent Aul 4 KWydrosols and sols after the
impact of a single pulse, 600 pulses and 1800 pw$855 and 532 nm wavelength. The spectra were
smoothed by FFT filtering in program Origin 8.

48



Results and Discussion

TEM images of the Au NPs were acquired (Figure8ab - Figure 4.1-11a,b) and
analyzed for the size distributions to assess tlmephological changes caused by laser
irradiation by 1800 pulses. At least 700 partickese counted for the image analysis of each
sample. The corresponding size distributions aosvehn Figure 4.1-8c,d - Figure 4.1-11c,d.
The analyses of all hydrosols (Aul — Au4) showeat the fragmentation by laser pulses at
the 355 nm wavelength yields NPs with narrower slstributions and smaller values of
particle mean size compared to that performed I2yr68 laser pulses.

For Au2 hydrosol, the initial monomodal size disttion turned into a bimodal one
after the irradiation with 1800 pulses of 532 nmvelangth (Figure 4.1-9d). Bimodal size
distributions of Au NPs under nanosecthdnd picosecord laser pulses, centered at
2 — 6 nm and the other at 8 — 14 nm, respectiwagarated with a well pronounced “valley"
at 7 — 8 nm were reported recently. The largeriglast were ascribed to be “parent” particles
with reduced size, the smaller ones were suggéstbd a product of the material evaporated
from the "parent” particle heated by the laser @ufapact. The bimodal size distribution
observed in rel’ was interpreted as a transient phenomenon thateaseen before the
completion of the size reduction of initial paréislinto small ones. The bimodal particle size
distribution after the irradiation by 532 nm pulsess not observed for Au3 (Figure 4.1-10d)
and Au4 (Figure 4.1-11d) hydrosols. Nanoparticke dlistributions of fragmented particles
Au3 and Au4 consist of a large fraction of smalitigées (diameter less than 10 nm) and a
small fraction of larger particles (diameter abol® nm) shown as a tail in the size
distribution diagram. Although the mean sizes oftiples Au3 and Au4 are similar, they
differ slightly in the width of their size distritions. The fragmented Au3 hydrosol contains a
small fraction of the “parent” particles with diatees corresponding to the diameters of the
initial particles around 35 nm. In the fragmentetdAu4 “parent” particles with the diameter
equal to the diameter of initial particles do notuar. On the other hand, a fraction of larger
particles with diameter between 15 - 25 nm are wfesein TEM image and NPs size
distribution. “Parent” particles which are observed EM images of the fragmented Au2 and
Au3 hydrosols could be considered as non-fragmepeeticles of the parent hydrosols.

A careful analysis of these NPs shows a shape ftranation during the
fragmentation. Parent particles with the sharp sdgeange into particles with a near-
spherical shape. The shape transformation of Au NRs investigated in several
studied® °0 37 6L 133135 |nasawa et df® calculated the threshold energy for the shape
transformation of relatively large Au particles @nediameter 38 nm). They used 355 nm

pulses with energy 2 - 8 mJ per pulse and puls¢hvd0 ps. The shape transformation was
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explained by surface melting. This situation caounavhen the laser pulse energy is not high
enough to heat the whole volume of the nanopartibleve its melting point. The structural
transition of Au NPs before and after the shapesfic@mation was also discussed by Koga et
al.**® According to these study the mechanism of sizestwaghe transformation, i.e. whether it
proceeds via melting (as in the case of larger -spherical “parent’particles) or via
fragmentation (small particles with diameter ldsant 10 nm), simply depends on the amount
of laser energy absorbed within a nanoparticlesingle pulse’.

TEM images and nanoparticle size distributions e2A- Aud hydrosols after the
impact of 1800 laser pulses of 355 nm wavelengtipictied in Figure 4.1-8a,c -
Figure 4.1-11a,c are similar to each other andvtdaes of particle mean size differ only
within an experimental error. The statistical asayfurther showed the narrow monomodal
size distribution of all fragmented hydrosols wilarticle mean sizes around 4 nm. The
fragmented hydrosols contain small near-spherieafigies, while particles with diameters
above 10 nm are not observed compared to the mesHrthese particles in the hydrosols
after irradiation with 532 nm laser pulses. Propabite size of some of the photoproducts
(e.g. Au clusters) is smaller than the detectionitliof transmission electron microscope,
which in this case was typically between 1 and 2fanmsamples deposited on a flat carbon
coated grid.

Nanoparticles size distribution of Au NPs in Auldhysol after the impact of 355 nm
laser pulses (Figure 4.1-8c) was narrower than digiibution after the impact of 532 nm
pulses (Figure 4.1-8d) for the same energy perepalssorbed in the hydrosol at both
wavelengths. Also the mean diameter of particlésr &55 nm was smalled & 3 nm) than
the mean size after laser irradiation at 532 dm 6 nm). These results confirm that 355 nm
laser pulses provide smaller particles than 532laser pulses, regardless the initial NPs
sizes. These results indicate the differencesagnfientation mechanism by using 355 and/or
532 nm pulses. For NP fragmentation with nanosedardr pulses, two processes were
proposed; one is the vaporization of particles aeduby a photothermal process in which
particles vaporize at the boiling point, and thbeotis a kind of Coulomb explosion of

particles induced by an electron ejection fromipkes.
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Figure 4.1-8.TEM images (a,b) and nanoparticles size distrimstifc,d) of Au NPs in Aul hydrosol after the

impact of 1800 pulses of 355 nm (a,c) and 532 nmd)(wavelength. The laser fluences were 136 and

150 mJ/crfpulse for 355 and 532 nm wavelength, respectively.
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Figure 4.1-9. TEM images (a,b) and nanoparticles size distrimsti(c,d) of Au NPs in Au2 hydrosol after the
impact of 1800 pulses of 355 nm (a,c) and 532 nrd)(vavelength. The laser fluences were 136 and
114 mJ/crfpulse for 355 and 532 nm wavelength, respectively.
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Figure 4.1-10.TEM images (a,b) and nanoparticles size distrimsti(c,d) of Au NPs in Au3 hydrosol after the
impact of 1800 pulses of 355 nm (a,c) and 532 nrd)(wavelength. The laser fluences were 136 and
95 mJ/crpulse for 355 and 532 nm wavelength, respectively.
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Figure 4.1-11. TEM images (a,b) and nanopatrticles size distrilmgtic,d) of Au NPs in Au4 hydrosol after the
impact of 1800 pulses of 355 nm (a,c) and 532 nd)(lwavelength. The laser fluences were 136 and
97 mJ/crpulse 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 fragmentatios has to consider the time scale

of light absorption, heating of the material anctlenge of the thermal energy with the
surrounding medium. As the heating of the NPs umirt energy absorption is given by the
phonon-phonon relaxation time and it is in the tseale of 100 ps, in experiments in which
the nanosecond pulses are used the hot moltenespaer continuously bath with light from
the nanosecond laser pulse. These hot particlesnaento absorb on the nanosecond time
scale of the pulse and also lose some heat todivers simultaneousf *>> It has been
reported that during a single laser pulse, onerpaka NP absorbs consecutively more than
thousands photons, and its temperature can easibhrthe boiling points of the metal. The
heated parent Au NPs release photofragments anat@us which aggregate into small Au
clusters on a nanosecond time scale. The Au chidiegin to contribute to the optical
absorption as they grow into nanosized particlesabgregation and/or attachment to the
already formed NPs. Under certain conditions, \large NP aggregates (nanonetworks) and
larger NPs can be formed by interparticle fusiorHowever, neither aggregation nor
interparticle fusion was observed in this study.

The competition between heating of the NP by alebgihotons and heat dissipation
from the hot molten particle to the medium playsiraportant role in its size reductibi It
was shown that the rate of energy dissipation forN®s in an agueous solution depends on
their size; smaller particles show faster thermedbxation times because of their higher
surface-to-volume ratfd’. Therefore, for smaller particles, either presentthe parent
hydrosol or formed by a size reduction during tihecpdent fragmentation, there is a lower
probability of further reduction of their sizes,cla@se these particles are not heated to enough
high temperature due to their lower optical absorpand due to a fast heat dissipation (heat
dissipation within 10 ps for NPs with the diametenm). If the heat dissipation from larger
particles to the medium proceeds in a longer tinsesas estimated in the paper by Inasawa
and coworker¥, the high temperature of a particle could be na@ier if nanosecond laser
pulses of sufficient energy are used. The delivafryenergy within the nanosecond laser
pulses could overcompensate the amount of enelgytdothe solvent and, therefore, the
creation of small spheres by fragmentation carhbe explained. This is quite realistic if it is
considered that the cooling process could be eetarded due to the presence of water
vapours shell around the nanoparticles, insteaa liafuid medium®. Vapours are developed

by a temporal excess of thermal energy during rilagnientation.
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4.1.6.Conclusions

1. The process of laser-induced fragmentation of A MPcumulative with increasing
number of subsequent laser pulses.

2. Laser irradiation of all parent Au NP hydrosols @aning NPs with different mean
diameters (except that one containing NPs withntlean diameter 5 nm) by pulses of
532 nm wavelength and of the same energy per palbserbed in the hydrosol,
resulted in hydrosols containing NPs of a very Eminean size and size distribution.
On the other hand the parent NPs with a mean derbetow 5 nm had a tendency to
a slight, but still observable growth during thegmentation at the same wavelength.

3. Comparison of fragmentations with the pulse enegjysted in such a way that the
energy per pulse absorbed in the hydrosols wasséme for both wavelengths
(355 and 532 nm) showed that the fragmentation5atr8n wavelength led to final
hydrosols with lower mean particle size and narrosiee distribution in comparison
to those obtained by irradiation with 532 nm puldgsder the same conditions and
using laser pulses of 532 nm, the irradiation btred hydrosols containing NPs with
the original diameter larger than 10 nm resulted itme final hydrosols containing
NPs of a very similar mean sizé £ 7 nm). The NPs of a mean diameter 5 nm were
not fragmented by pulses of 532 nm wavelength. I@ndther hand, the impact of
1800 laser pulses of 355 nm wavelength led to dnmdtion of NPs of the same size

in all the hydrosolsd ~ 4 nm).
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4.2. Morphology and optical responses of SERS active
Teconjugated poly(N-ethyl-2-ethynylpyridinium iodide)/Ag
nanocomposite systems

In this chapter, designing and probing of SERS vaeti
nanocomposite  systems  consisting of  poly(N-ethyl-2-
ethynylpyridinium iodide), PEEP-I (Figure 4.2-1))daAg NPs is

reported. The effect of the changes in the morgholof

dn

nanocomposite systems (as determined by TEM) oin ¢ipgical Figure 4.2-1.Chemical
p y ( y ) an o structure of poly(N-ethyl-2-

characteristics was investigated by a combinatidnsarface ethynylpyridinium iodide),
plasmon extinction (SPE) measurements, surfacepeedaRaman PEEP

spectroscopy (SERS) and fluorescence spectrosddgy SERS spectra measurements have
been focused on optimization of the polymer coregiain for the preparation of AQ/PEEP-I
SERS active system as well as on the selectiomefekcitation wavelength providing the

highest SERS enhancement.

4.2.1.SPE spectra of AQ/PEEP-I hydrosol systems with vasus polymer
concentration
The UV-Vis spectrum of the pure

2.0

polymer dissolved in water (Figure 4.2-2)

15

shows a strong absorption centered at 440 nm

resulting from them — T transition of the

1.0

Absorption

conjugated polymer backbone. Assuming the

relationship of the UV-Vis absorption

maxima versus conjugation length for oL - - -

I
300 400 500 600 700 800

unsubstituted polyen&8, the effective Wavelength [nm]

gigure 4.2-2.UV-Vis pectrum of PEEP-I aqueous
Solution, ¢gep. = 3 x 10* M.

9. The shoulders at 268 and 286 nm can be

conjugation length of this polymer is aroun

associated with the aromatim — T or n— Tt transitions of pyridine or pyridinium,
respectively. It indicates that the prepared polymentains both the protonated and non-
protonated pyridines.

The time evolutions of SPE spectra of the Ag hydraster the addition of PEEP-I at
various concentrations are shown in Figure 4.23rUaddition of the polymer strong color

changes were observed, depending on the concentratithe polymer in the composite
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system. For understanding the spectra, it shouldabed that the absorbance of the polymer
at the maximum concentration of 1 x1Bl used in the experiments was only 10 % of the
extinction of the Ag hydrosoand, therefore, the contribution of the absorbaatehe

polymer to the overall extinction was almost neglig for the polymer concentrations used
within this study. Therefore, the spectra of thenposites are expected to reflect entirely the
changes in the SPE spectrum of the Ag hydrosol. SPEE spectral features for systems with

the particular polymer concentrations will be nascdssed.
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Figure 4.2-3.Time evolutions of SPE spectra of Ag/PEEP-I coniteasystems with (a) 1x10M, (b) 5x10° M,
(c) 1x10° M, (d) 5x10° M, (e) 5x10" M and (f) 5x1¢° M PEEP-I concentration.

56



Results and Discussion

The time evolution of SPE spectra of Ag/PEEP-I logdt system with the polymer
concentration 1 x IHM is shown in Figure 4.2-3a. After the polymer iidd, the intensity
of SPE band decreased, the band red-shifted tond08nd markedly broadened compared
with the spectrum of the parent Ag hydrosol. Witbreasing time, the red-shift of SPE band
continued to 418 nm 6 hrs after the mixing. Howewaétong time (48 hours after the mixing)
the SPE maximum returned to 408 nm and, simultasigothe extinction above 700 nm
slightly increased. Similar evolution of SPE spaatixhibited Ag/PEEP-I hydrosol system
with the polymer concentration 5 x 10/ (Figure 4.2-3b). Compared to SPE spectra of the
system with the polymer concentration 1 X*1M, the spectra contained a more pronounced
secondary band with a maximum at about 530 nm. $RE& spectra did not show any
significant changes in spectral features withinrg dfter the mixing. A day after the mixing,
SPE band shifted to 411 nm. Finally, it should bentioned that both systems were stable
since no visible aggregates were observed at ttterbaf the vial during a week after the
mixing.

Different behavior was observed when the PEEP-teptration in the systems was in
the range 1 x IOM - 5 x 10° M. Time evolutions of SPE spectra of Ag/PEEP-I togb!
systems with the polymer concentration 1 x> and 5 x 1¢ M are depicted in Figure
4.2-3c and d, respectively. For example, in the @ighe composite system with 5 X191
polymer concentration a decrease in extinction BE $and and its slight red shift (from
396 nm to 398 nm) together with a development olew broad band centered at 526 nm
(Figure 4.2-3d, red line) were observed immediatdtgr the mixing. With increasing time,
the new band at the longer wavelength was broadandded-shifted, showing a maximum
at 545 nm about 70 min after the mixing. Duringttier observation the intensity of the
whole SPE spectrum decreased, while keeping the oatboth bands unchanged. These
changes of the SPE band of Ag hydrosol occurringédhiately after the preparation indicate
a rapid aggregation of Ag NPs. Aging of the sys{amterms in hours) led to a decrease in
the overall optical extinction, that was attributec¢he formation of large aggregates and their
sedimentation at the bottom of the vials. Compatimg observed extinction spectra with
calculated optical responses of fractal aggre@atése optical spectra evolutions of these
system can be explained by the formation of aggesghat might even show fractal features.

The time evolution of SPE of the Ag/PEEP-I hydrosgdtem containing 5 x 70M
polymer concentration is shown in Figure 4.2-3ethddigh the spectra showed similar
features as in the previous case for the highempel concentration (5 x 10M), a slower

progression of the spectral changes was recorddigr Ahe preparation, the spectrum
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consisted of the SPE band, with the maximum pasisonilar to that of the parent Ag

hydrosol (at 394 nm), and a shoulder around 500Wifth increasing time, the SPE band at
394 nm gradually decreased and, simultaneouslyextiaction intensity of the band around
500 nm increased. The fourth day after the prejmaraboth bands had nearly the same
extinction with maxima positioned at 396 and 528. dburing further observation the

intensity of the whole SPE spectrum decreased,ewkdeping the ratio of both bands
unchanged. The increased extinction above 700 meeagvell with the presence of large
aggregates that have the tendency to sedimentation.

SPE spectra of AgQ/PEEP-I hydrosol systems contgingven lower polymer
concentration than 5 x TOM preserve the characteristics of the parent Adrdsol as is
shown in Figure 4.2-3f for PEEP-I concentration 80 M. Only a small broadening and
red-shift of the SPE band are observed with ingngasme. Nevertheless, the system is stable
for a long time (within weeks) and no aggregatescdoserved.

4.2.2. TEM imaging of Ag/PEEP-I hydrosol systems and detenination of
fractal dimension (D)
The characteristic morphologies of Ag/PEEP-I hydias/stems deposited from sols

containing various polymer concentrations immedyagdter their preparation are shown in
Figure 4.2-4. It is obvious that the morphologyAd NPs in the Ag/PEEP-I system with
polymer concentration 1 x ¥av differs significantly from that observed for tegstems with
lower polymer concentration. TEM image of this syst(Figure 4.2-4a) shows that smaller
aggregates are formed in which Ag NPs are well re¢pd from each other. Interparticle
spacing is larger compared to the systems contaloimer polymer concentration.

For the Ag/PEEP-I systems containing polymer cotteéion lower than 5 x I0M
(Figure 4.2-4b and c), large aggregates consistinganoparticles with an average size about
9 nm (corresponding to the average size of nanofestin the parent Ag hydrosol) are
observed. The nanoparticles in these aggregates dmsely packed arrays which mutually
overlay as can be seen on some places of the TElgem

Ag/PEEP-| system containing polymer concentratiox 20° M was chosen for
determination of fractal dimension since SPE specfrthis system taken immediately after
the preparation are similar to those observedrimtél aggregaté® Fractal dimension)
were determined from three different TEM imagesabgrocedure based on the mass-radius
relation according to the method described by $@l8e (see also Experimental, Chapter

3.3.). Briefly, TEM images were covered by setscehtered squares with three different
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central points selected on each of them. Assuntiagdill silver nanoparticles have the same
size, the number of particles in one square camaken as the mass of the fractal object while
the length of the side of the square is takensasite. The slope of the dependence of the
number of particles versus the side-length of thease in double logarithmic plot thus
represents the fractal dimensiDrof the Ag NP assemblies.
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Figure 4.2-4. TEM images of the composites cast and dried from Alg/PEEP-I hydrosol systems with
(@) 1x10'M (b) 5 x 10° M and (c) 5 x 10 M PEEP-I concentration taken immediately after pheparation.
Two diffrent magnifications are shown.
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Representative TEM image used for fractal analgsid corresponding dependences
from which the fractal dimensions were determinesl shown in Figure 4.2-5. An average
value of the fractal dimensiob, = 1.9 + 0.1, was obtained from the slopes of afjehdences
for three different TEM images. This value indicatkat the fractal aggregates are present in
the Ag/PEEP-I system obtained from the hydrosokesyswith the 5 x 18 M polymer
concentration. The actual values of fractal dimemsidetermined from these analyses ranged
from D = 1.78 (which is close tb = 1.75 inherent to fractal aggregates formed ffiyision-
limited cluster-cluster aggregation), o= 2.05 (which is close tD = 2, the value typical for
an infinite array of regularly /hexagonally/ packBidPs of uniform sizes). The observed
dispersion of fractal dimension values can possgigm from a partial re-assembling of
fractal Ag NPs aggregates after the depositionhensupporting surface, i.e. on the carbon-
coated TEM grid, into planar sub-structures of mordess regularly packed Ag NPs. The

regularity of the planar arrangement is influendad a polydispersity of the Ag NPs

assembly.
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Figure 4.2-5.TEM image of Ag/PEEP-I system with 5 x4 PEEP-I concentration used for determination of
fractal dimension and dependences of madéesrsus sizeR of the objects. The slope of such dependence
corresponds to the fractal dimensi@).(
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4.2.3.Summary of results of the SPE probing and TEM imagig of the
AgQ/PEEP-I hydrosol systems
In summation, the rate of aggregation, the morpilaf the aggregates as well as the

stability of the nanocomposite systems depend empthymer concentration. We assume that
the polymer is adsorbed on Ag NPs by an electiosiateraction between the positively
charged pyridinium polymer side groups and negbtiebarged ions (borates and iodides)
covering the Ag NP surface. At low polymer concatitms, the positively charged polymer
partially compensates the negative surface chdrggmanoparticles, and the aggregation is
observed with a rate proportional to the polymemnosmtration. In particular, in the system
with 5 x 10° M polymer concentration, the compensation of chsrgauses a rapid
aggregation of Ag NPs into fractal aggregat®s=(1.90). This process manifests itself in the
SPE spectra by the growth of a secondary SPE éxtmioand around 530 nm, in accord with
the theoretically predicted optical responses atthl aggregatés At a limiting polymer
concentration (estimated to be around 1 X M), the negative surface charge of the NPs is
expected to be fully compensated by the attachiwietiite cationic pyridinium side-groups of
the polymer. Therefore, at higher polymer concéiang, there are non-adsorbed parts of the
polymer chains, the presence of which hinders Agaly§regation. As a result, less deAse
NP — polymer aggregates are formed with interpartgpacings larger and the overall
dimensions smaller than those encountered fordraggregates formed at lower polymer
concentrations (Figure 4.2-4). This explanatioasfirmed both by the increased hydrosol
stability for the system with the polymer concetitra higher than 1 x I0M, and by the SPE
spectra exhibiting a broad extinction band redtstifrom that of the parent Ag NP hydrosol,
as expected on the basis of theoretical calculatiperformed for DNA linked Au NP
aggregate’’.

Furthermore, two types of calculations relatedhi® éxplanation provided above were
performed. In the first case, a simple calculatglrowed that there are 500 and 10 000
monomeric units per one Ag NP for the systems wpitlymer concentration 5 x TOM
and 1 x 1d M, respectively, considering the average diamefehg nanoparticles of 9 nm
determined by TEM image analysis. If we estimate shrface area of one monomer unit
anchored to the NP surface to be about 0.13 a800 monomer units would be required to
cover the whole NP surface. This value is clostheolimiting concentration 1 x 10M, at
which a change in the optical spectra evolution, adtsequently, in the mechanism of the

aggregate formation, has been encountered.
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An alternative explanation of spectra evolutiorthe higher polymer concentrations
was tested based on a possible change of resosand#éions caused by variations in the
dielectric constant of the environment after additiof the polymer. In particular, it was
considered whether or not this effect could beyfoll partially responsible for the red shifts
of SPE band in the spectra of the composite systeithsthe polymer concentration above
1 x 10° M. Nevertheless, it was found that the magnitufi¢he observed effect does not
correspond to the calculated valtfésTherefore, the primary reason for the observatibn
the broad SPE band red-shifted with respect to dhalhe parent sol is a weak interparticle

interaction in the loosely packed Ag NP-polymerragates, as proposed above.

4.2.4.Raman spectra of AGQ/PEEP-I nanocomposite systems
Raman spectra of Ag/PEEP-I systempefe, = 5 x 10° M) containing fractal

aggregates of Ag nanoparticles were measured dgifhd@, 488.0 and 514.5 nm excitations
(Figure 4.2-6). The 441.6 nm excitation matchespitlgmer absorption at 440 nm maximum
(Figure 4.2-2) and fulfills thus the molecular reance condition with therconjugated
polymer chain. On the other hand, it falls withim@&nimum between the two SPE bands of
the composite system (Figure 4.2-3d). By contihst,488.0 and 514.5 nm wavelengths fall
only into the edge of the polymer absorption bdfidure 4.2-2), however, they approach the
maximum of the second SPE band of the compositersyattributed to fractal aggregates
(Figure 4.2-3c).
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Figure 4.2-6. SERS spectra of Ag/PEEP-I hydrosol system with B0 M PEEP-I concentration measured
with (a) 441.6 nm, (b) 488.0 nm and (c) 514.5 nroitexion wavelengths. Baseline correction was pernéul
with Origin 8 software.
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The spectrum obtained at 441.6 nm excitation wangheis dominated by a strong
fluorescence, and no characteristic Raman bandsl d@uobserved after the subtraction of
the fluorescence backgrounith contrast to that, intense and well resolved Rarsectra
were obtained with the 488.0 and 514.5 nm lasettadians. The positions of Raman bands
closely match those observed recently for strutifusmalogous polymet$” **2 The bands at
1076, 1160, 1568 and 1622 ¢rare assigned to the vibrations of pyridinium ripgridine
CCH bending (1076, 1160 ¢Hhand pyridinium ring stretching (1568, 1622 tmThe band
at 1514 crit corresponds to the polymer backbone C=C stretctiimgtion. Additionally, it
should be mentioned that with the same excitati@velengths Raman spectrum of pure
PEEP-I could not be obtained owing to its strongiféscence background.

The results of Raman spectral probing provide agquivocal proof that the Raman
spectra obtained from the Ag/PEEP-I composite syste514.5 and 488 nm are the surface-
enhanced Raman spectra of the polymer and demtnstteat the operation of
electromagnetic mechanism of SERS is of key impaddor obtaining a Raman spectrum of
the polymer from the composite system.

Furthermore, SERS spectra of the Ag/PEEP-I systeged,= 5 x 10° M) measured
with the 514.5 nm excitation both from the hydrosgistem and from the sedimented
aggregates deposited on a glass slide are compafgdure 4.2-7. It was found that SERS
spectra of deposited Ag/PEEP-I aggregates areynekmtical with those obtained from the
hydrosol system. We can thus conclude that thgnpei remains to be an inherent part of the
Ag/PEEP-I system even after the deposition, antdhaut the same fraction of the polymer
chains remains localized in the hot spots of fleafgregates before and after the deposition.
Nevertheless, a minor spectral difference, in paldr the change of the relative intensity
ratios of 1604 cil and 1622 cm bands attributed to the pyridine and pyridiniumgri
stretching, respectively, has been observed. Tars lie explained by the change of the
fraction of the protonated and the non-protonatgiimes of polymer, or by the change of
the enhancement experienced by these vibrationdémafter the deposition.
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Figure 4.2-7.SERS spectra of Ag/PEEP-I system with 5 ¥ M PEEP-I concentration measured from (a)
hydrosol system immediately after the preparatiod &) Ag/PEEP-I aggregates cast on glass substrate
Excitation wavelength was 514.5 nm in both caseseBne correction was performed with Origin 8 wafte.

Finally, SERS spectra of Ag/PEEP-I nanocompositetesys were measured using
514.5 nm excitation wavelength as a function of plaéymer concentration. The resulting
spectra, measured immediately after the systemapagpn, are compared in Figure 4.2-8.
The onset of the polymer SERS signal observatioati® x 1 M concentration. For
5 x 10’ M concentration, a substantial increase of SERShaity is observed, however, only
a weak increase of the SERS signal is detectebeirbtx 10 M- 1 x 10° M concentration
range. For concentrations higher than 1 ¥ M), the SERS signal has actually decreased.
This somewhat peculiar concentration dependencéh@®fSERS signal can be plausibly
explained, provided that we consider the morpholagg optical spectra of the composite
systems and their dependence on the polymer caatient (see Figure 4.2-3 and
Figure 4.2-4). Apparently, the largest SERS sigraile obtained for systems with an
occurrence of fractal aggregates, in which locébraof the polymer chain segments in hot
spots can be expected. In such systems the 514.6ptinal excitation closely matches the
fractal aggregate extinction band (Figure 4.2-&3,tksulting in the strongest enhancement of
Raman scattering by electromagnetic mechatisif? Since the number of Ag NPs in the
systems remains constant and fractal aggregatef®raned, the number of hot spots finally
created in the system after the aggregation ismaptished does not change dramatically with
the polymer concentration in the 5 X 1B - 1 x 10° M concentration range. However, since

the spectra were measured immediately after sypteparation, the weak increase of SERS
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signal with increasing polymer concentration prdpakeflects the increasing rate of
aggregation and, consequently, of hot spots foonaifihe decrease of the SERS signal for
systems with the polymer concentrations higher thar 10° M can be explained by
weakening of the localized electromagnetic fieldsween the Ag NPs caused by the
increasing interparticle distance in the looselgkeal Ag nanoparticle-polymer aggregates
formed at these high polymer concentrations as agelly a rather poor matching between the
514.5 nm excitation and the extinction of thesereggtes having the maximum at 430 nm
(Figure 4.2-3a, b).

1.00E+009

8.00E+008
S 6.00E+008
2
D
c
L 4.00E+008 | ]
= Corep, = 5 X 10° M
T : -
o
2.00E+008 | i
Corepy = 1 X 10° M
0.00E4000 e N N T =10
l 1 l 1 l 1 l 1 l 1 l 1 l 1
600 800 1000 1200 1400 1600 1800 2000

Wavenumber [cm™]

Figure 4.2-8.SERS spectra of Ag/PEEP-I hydrosol systems comgidifferent PEEP-I concentration measured
with 514.5 nm excitation wavelength. Baseline cction was performed with Origin 8 software.

4.2.5.Fluorescence spectra of AGQ/PEEP-I nanocomposite $gms
Most of thereconjugated polymers show fluorescence emissidharvisible spectral

region. Although iodine ions are known as fluoreseequenchers, PEEP-I exhibits a strong
fluorescence with emission maximum around 500 rinis generally accepted that the main
advantage of the incorporation of Ag or Au nanadtrites in SERS measurements is the
limitation of fluorescence background that decreabe sensitivity of Raman spectroscopy.
Surprisingly, in SERS spectra of PEEP-I fluoreseebhackground was still observed, even
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when a strong enhancement of Raman scattering pitbeeefficient interaction between the
polymer and surface plasmons of Ag NPs. Hence, eréopned independent fluorescence
measurements of Ag/PEEP-I hydrosol systems. TherdBcence spectra of Ag/PEEP-I
systems were compared with those obtained for éference polymer solutions diluted by
water to the same concentration as in Ag/PEEP4esys Fluorescence was excited with
352 nm wavelength falling into the maximum of eatidn spectrum of the polymer

(Figure 4.2-9) corresponding to the photoexcitatodrthe rTeconjugated backbone. Several
questions and problems which have arisen duringrtbasurements will be discussed in the
following paragraphs.

First, it should be emphasized that contradict@sults concerning fluorescence of
chromophores near metal nanostructures were reportéhe literature. Some experimental
studies demonstrate fluorescence enhancéfflet® for molecules placed near a metal
nanostructure, other studies report fluorescenemching*® ' It has been found that the
distance between the chromophore and the metalpaaime®’ as well as the fluorescence
quantum yield of the isolated chromophdfeplay the key role in determination of the
fluorescence of the chromophore - metal nanopartigstem. Moreover, the influence of the
morphology of nanoparticle assemblies on the flsoeace emission is only poorly discussed.
To our best knowledge, there is no report in therdture on the influence of fractal

aggregates formation on the fluorescence emission.
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Figure 4.2-9.Excitation spectra of neat polymer (solid line) arfidhg/PEEP-I system (dashed line) containing
5 x 10’ M polymer concentration prepared by five timesititin of 2.5 x 1§ M Ag/PEEP-I system, measured
at 500 nm emission wavelength.
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The problem has arisen since Ag hydrosol usedh®rggregation studies had a high
extinction, thus internal filter effect appearedridg the fluorescence measurements of
AgQ/PEEP-I systems. Therefore, to be able to comiperéuorescence intensity of AG/PEEP-I
systems with that of reference systems, we hactimgn the correction to the internal filter
effect. No changes were detected in emission speuftrAg/PEEP-I systems containing
polymer concentration higher than 1 x°181 (1000 monomeric units per one Ag NP) for the
overall monitored period of about 90 min after thmxing. On the other hand, more
pronounced changes were detected for the Ag/PE&Rtems which show the secondary
SPE band (around 530 nm) assigned to the fractakggtes formation in the same time as
during fluorescence monitoring. Nevertheless, t&ults obtained for various experiments
were scattered: no statistically relevant tendeotyhe changes of fluorescence emission
could be determined.

We also considered a possibility that the change8Bluorescence emission can be
actually very small and can be caused by decrehgmlgmer concentration due to the
sedimentation of Ag aggregates formed after thangiwith the Ag hydrosol. Therefore, we
determined the amount of silver left in the solidgraggregation process for Ag/PEEP-I
system with the polymer concentration 5 X®1d using an atomic absorption spectroscopy.
We found that the content of silver in the hydradoés not change within two hours after the
mixing of Ag hydrosol with PEEP-I solution. Theredp the observed changes in the
fluorescence spectra reflect the dynamic behavidh@ composite system and they are not
related to aggregates sedimentation, since it samolly at much longer time after the mixing,
than it is the time scale of the fluorescence messant.

In order to exclude the errors which could be cdusethe correction on the internal
filter effect we measured the emission spectra@PAEP-| systems that had been diluted to
yield the optical extinction values below 0.35. $besystems were prepared by dilution of
Ag/PEEP-I systems originally containing 2.5 x®1® polymer concentration with water to
the final concentrations 5 x T0M, 2.5 x 10’ M and 1.7 x 18 M. The dilution was done
2 min after the mixing of the polymer solution witlg hydrosol to allow for the nanoparticle
aggregation as it was evidenced by UV-Vis spedihe emission spectra of the Ag/PEEP-I
systems together with the emission spectra of thlgnper solutions containing the same
corresponding polymer concentrations are showniguré 4.2-10. A decrease of about
10 - 20 % in the fluorescence intensity was obskfaee all AQ/PEEP-I systems compared to

the intensities of the reference systems. Hypswooiorashift of the emission spectra and
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bathochromic shift of the excitation spectra (segife 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 erplhe observed changes. First,
fluorescence intensity may decrease with ionicngfite of the polymer environment. It is
expected to occur upon mixing the polymer solutiwith Ag hydrosol containing ions
originating from the reductant (NaBH The decreased Stokes shift may be explained by
increased rigidity of the polymer chains anchor@dhie nanoparticle surface. Adsorption of
the polymer on Ag nanoparticle leads to a limitatmf vibrations of the polymer chains,
which are more solidly anchored to Ag nanopartaenpared with free polymer chains in
reference system (in water).

The observed decrease in the fluorescence inteositid be also explained by NP
induced fluorescence quenching. In the Ag/PEEPstesys, there could be an equilibrium
between the polymer electrostatically attached h® NP surface and the free polymer
dissolved in water. Only the fluorescence of tha@anty of molecules, that are in contact
with the NP surface, would be quenched, while thession of free molecules remains
unaffected. This could lead to only partial fluaesce quenching of the Ag/PEEP-I system.
However, the whole spectrum is blue shifted, shgwvifrat the majority of emitting molecules

is affected by the interaction with Ag NPs.
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Figure 4.2-10.Emission spectra of the neat polymer (solid lirees) of the Ag/PEEP-I systems (dashed lines)
with various polymer concentrations obtained by fiblack line), ten (red line) and fifteen (greare) times
dilution of 2.5 x 1 M Ag/PEEP-I system. The excitation wavelength 888 nm.
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4.2.6.Conclusions

1. The morphology, optical responses and stabilityafnaqueous ambient) of Ag
NP/PEEP-I composite systems are influenced by tbklynger concentration.
Attachment of the polymer to Ag NP surface by amcbstatic interaction
between the positively charged side-groups of tignper chains and negatively
charged ions on the Ag NP surface is witnessechbydependence of the rate of
Ag NP aggregates formation on the polymer concgeatrain the Ilow
concentration range (5 x T0M — 1 x 10° M). Fractal character of the deposited
aggregates is documented by their average fraictedrgsionD = 1.9 + 0.1.

2. Using optical excitations with laser line waveldmgtmatching the extinction band
of the fractal aggregates, intense and well resbERS spectra of the polymer
are obtained. The strong signal most probably waitgis from the hot spots formed
in the fractal aggregates occupied by the polyrhairs.

3. In systems with polymer concentrations higher tH&Y M, relatively small
aggregates with a large interparticle distance farened. Small size of the
aggregates is responsible for their stability ie tiydrosol. Longer interparticle
distance in the aggregates with the increasing rpety concentration most
probably originates in the steric effects causednby-adsorbed parts of the
polymer chains and results in a substantial deered#sSERS signal of the
polymer.

4. A small decrease in fluorescence intensity of alddut 20 % accompanied by a
blue shift of the emission spectra was observeddiimted Ag/PEEP-I systems
showing SPE band typical of fractal aggregatesals explained by (i) increased
ionic strength upon addition of the polymer into Agdrosol, (i) increased
rigidity of polymer chains anchored to Au NPs amdf@i) 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 dodsgpted for the preparation of

polymer composites consisting of regioregular Ey¢tylthiophene-2,5-diyl), P30T, and
Au or Ag NPs. This chapter compares optical and pimaological properties of
nanocomposites prepared by mixing a metal NP omgdnwith the polymer solution
(composites typ®1) and nanocomposites prepared by in-situ reducifcen metal salt in the
polymer solution (composites tyge). Au/P30T weight ratio was 1/1 for both composites
since this ratio provided a narrow size distribntiof Au NPs in Au/P30T composite
prepared by similar procedure as composite B@ecording to ref’.

In the first chapter (Chapter 4.3.1.), metal (Au ag) organosols, which were used
as precursors of composites tyie will be characterized. Surface plasmon extinction (SPE)
spectra and transmission electron microscopy (TEMages will be discussed and
nanoparticle sizes obtained by TEM analysis andadya light scattering (DLS) for both
organosols will be compared. The effect of the pkasnsfer reagent used in the organosol
preparation on the stability of the resulted said an the nanoparticle morphology will be
also described.

Chapters 4.3.2. and 4.3.3. are focused on a cleamation of nanocomposites
containing Au and Ag nanopatrticles, respectivelynémber of techniques were used for
nanocomposites characterization including UV-Visaption spectroscopy, transmission
electron microscopy (TEM) and dynamic light scattgr(DLS). A special attention was paid
to the effect of the type of phase transfer ageatluin composite preparation as well as to the
effect of precipitation of composite solution in tm&nol and its redissolution in toluene, as
important steps in composite preparation, on naticfg morphology in the resulted
composites.

In the last chapter 4.3.4., Raman spectra of thimsfof Au/P30OT and Ag/P30T
composites are investigated. The spectra are netexg in terms of the actual nanoparticle
morphology within the thin nanocomposite films. T¢pectral analysis is focused on several
characteristic bands, which are compared with tleeipusly published results obtained for
similar systems. For Raman spectra measuremeg/BBOT composites, several excitation
lines were used to evaluate the magnitude of thiaseienhancement of Raman scattering at

various wavelengths with regards to their UV-Viedpa.
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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 tio different phase-transfer
agents, tetraoctylammonium bromide (TOAB) and tiiceecylammonium bromide (TDAB),
respectively, are shown in Figure 4.3-1. Althougje fpositions of SPE maxima of both
organosols are at the same wavelengdth(= 526 nm), the half-widths of the SPE band as
well as the magnitudes of the extinction at the &REimum mutually differ. The SPE band
of TDAB-stabilized Au organosol exhibits narrowearia with a higher value of extinction at
the SPE maximum compared to the TOAB-stabilized éxganosol (see inset of
Figure 4.3-1). TDAB-stabilized Au organosols shansetter long-term stability (more than 1
year) without formation of any macroscopic Au aggtes. On the other hand, macroscopic
Au aggregates were found already during the préparaf TOAB-stabilized Au organosols.
The aggregates have a tendency to sedimentatiamehthe magnitude of their SPE
extinction maximum is lower than that for TDAB-silgded Au organosol. This result
indicates that TDAB molecules stabilize Au NPs meifectively than TOAB.
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Figure 4.3-1.SPE spectra of Au organosols stabilized by (a) T@&AB (b) TDAB.
Spectra normalized at their maxima are shown ietlfr comparison of the band
half-width.

TEM images of Au organosols prepared using TOAB dmAB are shown in
Figure 4.3-2. TOAB-stabilized NPs form a networlctifsely packed nanopatrticles. Although
the presence of TOAB patrtially prevents nanopataggregation into 3-D aggregates during
deposition, it is evident from Figure 4.3-2a tHs separation distance between nanoparticles
is not uniform upon drying on microscopic grid aga overlap of some patrticles is clearly

observable. On the other hand, TDAB-stabilized AgsNemain well separated even upon
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drying on microscopic grid. A tendency of Au NPsvémds two-dimensional assembling, in
which the individual particles have adopted the udshexagonal closely-packed
arrangement, is clearly observable in TEM imagéheforganosol (Figure 4.3-2b). Different
degree of self-assembling of TOAB- compared to TBgt&bilized Au sols can be explained
by the different chain length of the phase transigents resulting in various hydrophobic
interactions. TDAB contains longer hydrophobic dsahaving higher affinity to carbon foil

of microscopic grid than TOAB.

Nanoparticle sizes determined by TEM and DLS mesamsant are presented in
Table 4.3-1. For both sols, the nanoparticle diansetdetermined by DLS measurement
exceed those determined by TEM image analysis. Tusease in diameter can not be
explained by the presence of a layer formed byptiase-transfer reagent around the particle,
because, in that case one would expect a maxirfiatetice of only about 1-2 nm. Therefore,
it is more probable that the solutions of Au orgsois contain small associates of stabilized
nanoparticles rather than individual NPs. These@ates of Au NPs are formed by mutually
interacting NPs which move jointly in the solution.

Finally, it should be noted that there is pos#gipilhat the organosol contains some
traces of water because it was not dried (to alasdes of nanoparticles which accompany
the drying steps in organosol purification and desnt separation). Therefore, the organosol
could contain the emulsion of water in toluene.
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Figure 4.3-2.TEM images of Au organosols stabilized by (a) TO&®RI (b) TDAB.

Orem [NM] dpLs [nm]
Au(TOAB) organosol| 5.6 +1.4 11.0+ 1.

Au(TDAB) organosol| 6.4 +2.4 11.3+£0.1
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 020

similar to those employed for
Au organosols preparation (see

Experimental). However, for Ag

0.10 -

Extinction

organosols, the selection of the

phase-transfer reagent plays a 005

much more important role for

the organosol stability than for 0 e 0w 0 s

Wavelength [nm]

Au organosols. In case of

TOAB-stabilized Ag organosol, Figure 4.3-3.SPE spectra of TOAB-stabilized Ag organosol after t

nanoparticle aggregation andareparation (black line) and 8 days after the praggan (red line)

pronounced sedimentation of macroscopic aggregates observed even during the
preparation. As a result, the concentration of ABsNin the sol is very low with a
corresponding low optical extinction (typically bel 0.15 in 1 cm cuvette) as documented in
Figure 4.3-3. SPE spectrum of freshly prepared T&#dbilized Ag NP organosols is
relatively narrow with a sharp band with a maximatd14 nm. The spectrum develops in
time as witnesses in Figure 4.3-3: eight days d#ifteipreparation, SPE band is hon-symmetric
with the maximum shifted to 418 nm. These specinahges can be assigned to nanoparticle
aggregation.

When TDAB is used in Ag organosol preparationaadt of TOAB, Ag NPs remain
stable for more than two months. Nevertheless, #ggregate formation and their
sedimentation were also observed during the préparan particular during stirring after the
addition of the reductant. To avoid losses of NBmfthe organosol, the time of stirring after
the reductant addition was limited. After 5 minstifring, the aqueous phase was removed in
separatory funnel. It was expected that the resigkthictant was completely removed from
the organic phase together with the aqueous phEse.organosol was left to stay at
laboratory temperature and the time evolution ef #°E spectra was measured. Figure 4.3-4
shows the time-evolution of the SPE band of Ag nogal after the disruption of stirring. The
extinction gradually increases with time while fhesition of SPE band remains unchanged.
The extinction reaches the value of 2.1 after 5.After 5 days after the preparation, a further
small increase in extinction was observed and PE Saximum was shifted to 419 nm. The

increase of the extinction during the time evolatghows that some traces of the reducing
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agent remain in the organosol even after the rehahaqueous phase. Slow rate of reduction
can be assigned to the different mechanism of temudn the non-aqueous ambient

compared to the reduction in the aqueous ambiestevne reduction is completed within an
hour.
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Figure 4.3-4.Time evolution of SPE spectra after the removaafeous phase
and stirring disruption during TDAB-stabilized Agganosol preparation.

TEM images of Ag organosols prepared using TOAB dmAB are shown in
Figure 4.3-5a and b, respectively. Ag NPs of the AB&tabilized Ag organosol
(Figure 4.3-5a) are randomly scattered on micrascgpid whereas NPs of the TDAB-
stabilized Ag organosol (Figure 4.3-5b) arrang® i2tD assemblies analogous to the NPs
assemblies formed by Au organosols (Figure 4.3The difference in nanoparticle
arrangement could be assigned to the differencesitentration of nanoparticles in Ag
organosols and/or in the dispersity of the nanagarsizes. Monodisperse Ag NPs in the
TDAB-stabilizes Ag organosol have higher tendenoy form 2-D assemblies than
polydisperse NPs in the TOAB-stabilized Ag orgarhoso

Nanoparticle diameters determined from the TEM iesagTable 4.3-2) of the
deposited Ag organosols stabilized by both pheamester reagents are very similar, but the
TOAB-stabilized Ag organosol exhibits a significdgnbroader size distribution compared
with the TDAB-stabilized Ag organosol. Nanopartideameters were also determined by
DLS measurement (Table 4.3-2). The diameter of TBAdbilized Ag NPs is larger than that
determined by TEM imaging, analogously to the cafsthe TDAB-stabilized Au NPs. The
diameter of TOAB-stabilized Ag NPs could not beedgtined by DLS because of the high
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polydispersity of the sample. The DLS results dad meet quality criteria for distribution

analysis and the mean values could not be detednine
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Figure 4.3-5.TEM images of Ag organosols stabilized by (a) TO&®I (b) TDAB.

drem [nm] | dois [nm]
Ag(TOAB) organosol| 7.6 +4.5
Ag(TDAB) organosol| 6.2 +1.1 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 prepanaleads to the fabrication of
monodisperse Ag nanopatrticles. Generally, the proolu of monodisperse nanoparticles
requires a temporally discrete nucleation eventctyhin our case, can be achieved by the
rapid addition of the reducing agent (sodium bodslte) to the reaction vessel followed by a
slower controlled growth of the existing nucf&i For Ag NPs larger than 25 nm in diameter,
a further nanoparticle growth should be accompahiethe shift of SPE maxima. However,
SPE maxima remain in the same position during #tpe@ment. It indicates that small Ag
NPs with sizes up to 25 nm are produced. Moreower,formed nanoparticles are highly
monodisperse as demonstrated by the TEM image r@gig1B-5b). Therefore, we speculate
that the nanoparticle formation could possibly @dcureverse micelles which consist of a
hydrophilic core containing some Agpecies together with ions of the reducing agadta
shell formed by hydrophobic alkyl chains of the gdvransfer reagent. The formation of
nanoparticles inside the micelles could explain ti@nodispersity of TDAB-stabilized Ag
NPs. It should be noted that the mechanism of hese transfer of silver-containing species
into the organic phase is not clear since silvariginally present in the aqueous phase as a

cation.
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4.3.2.Characterization of Au/P30OT composites
4.3.2.1. UV-Vis spectroscopy

UV-Vis spectra of toluene solutions of Au/P30T camsipes typeM are shown in
Figure 4.3-6a. The main absorption band of P3OEmesl at 450 nm is consistent with the
known position oft — = transition of the conjugated polymer chain. Thecsm of the
composites resemble to the spectrum of neat polytherpositions of absorption maximum
are the same as that for neat polymer and onlindisasymmetric broadening of the polymer
absorption band is observed when compared to thetrsin of pure P3OT. In particular, the
spectra of Au/P30T composites tyleshow a substantially higher absorption in theaegi
300 to 400 nm and 500 to 800 nm. The increasetinaon within these wavelength regions
is more pronounced for the composites obtained fiddAB-stabilized Au organosol. It
corresponds to a higher content of Au NPs in TDA&b#ized Au organosol. Zhai et 4.
explained the extended absorption in the rangetéd@D0 nm by a combined effect of two
factors: a long-range ordering of the polythiopheaased by self-assembling of the polymer
segments on metal NP surface, and by the SPE oNRs. Absorption spectra of highly
ordered chains of regioregular poly(3-hexylthiopdlershow typical distinct vibronic
features®. In our case, an increased intermolecular intemaaduring the self-assembling of
the polymer was not confirmed as neither a spestrraicturing nor a shift of absorption
maximum of the polymer was observed. Therefore, itlieease of extinction in the red
spectral region corresponds to the SPE of Au NPd/oanAu NP aggregates (see
Figure 4.3-6a).
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Figure 4.3-6.UV-Vis spectra of Au/P30T composites: (a) tydeand (b) typeR prepared by using two different
phase transfer agents. The spectra are normabzbeit extinction maxima.
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UV-Vis absorption spectra of Au/P30T compositeset¥p and its constituents are
depicted in Figure 4.3-6b. AugJITOAB complex has a strong absorption band at 386aa
shown in Figure 4.3-6b (blue curve). This absorptiand is characteristic of the metal-to-
ligand charge-transfer band of Au@bmplex ion&. The cyan curve corresponds to the
spectrum obtained by mixing AuJITOAB complex and polymer solution before the
reduction step. It is a simple superposition of #iEsorption bands of P30T and of the
complex. Rapid injection of the reducing agenthe mixture of the complex and polymer
initiates the reduction of Au ions yielding compesitypeR. The spectra of both composites
type R are similar, only slightly higher extinction wadserved around 550 nm for
Au(TDAB)/P30T composite showing higher Au NP corttéen this composite than that in
Au(TOAB)/P30OT composite. The higher extinction beém 600 and 850 nm of the solutions
of compositeR compared to composites type 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/P3@Mmposites typeM and R,

both obtained using TOAB, before the precipitailomethanol. A common feature observed
in all obtained micrographs before precipitatioraipresence of globular structures with the
concentration of NPs on their perimeter. Similasbgllar structures were observed earlier in
Au/P30T blended film by Sarathy et’af. The high density of NPs in the periphery was
explained by the non-uniform evaporation rate ef $blvent within the droplet of composite

cast on a substrate and by a finite mobility of ffies. The aggregation of polymer chains was
also taken into account. The aggregation can aah &ffective force accelerating NPs motion
during the drying process, giving rise to the inlogeneous radial distribution of the NP’s
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Figure 4.3-7.TEM images of Au(TOAB)/P30T composites type &)and (b)R before the precipitation in
methanol.

It was found that the formation of the globulaustures is influenced by the presence
of a phase transfer reagent (tetraoctylammoniummiate) as well as P30T in the solution of
Au/P30OT composites as confirmed Bjgure 4.3-8 While the globular structures are not
present in TEM images of the Au organosol and ts&t polymer, they are obvious in TEM
image (Figure 4.3-8) of the polymer containing TOABthe same concentration as that used
in composite preparation. Thus, TOAB i

combination with the polymer plays the rol¢
in a formation of such globular structures
The dark structures may be identified
drops of P30T/TOAB mixture formed|
during the drying of P3OT/TOAB solutionf
on microscopic grid. The contrast is possibl

given by the presence of Br atoms inside tf

structures. Formation of globular structureﬁigure 4.3_8'TEM mages of a film cast from a
can be assigned to increased surface tensgofution of the P30T with added TOAB
due to the presence of ionic TOAB.

Au NPs in the composites are stabilized preferéytlay bromide ions originating
from the phase-transfer reagent (TOAB). They showigh affinity towards Au surface.
Bromide ions interact electrostatically with ammanication of TOAB, but the stabilization
in organic solvent (toluene) is sterical througlkyhklchains of TOAB. To ensure the
replacement of TOAB for P3OT, the composites havdd precipitated in methanol. The

precipitation plays an important role in compogeparation since the direct interaction
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between Au NPs and the polymer is needed to inéffeetive surface plasmon modified
photophysical phenomena in the polymer.

Figure 4.3-9 and Figure 4.3-10 show TEM images of MPs in the composite
samples after the precipitation in methanol andssadution in toluene. At the first glance, it
is obvious that the globular structures disappeaked\Ps in these composites are dispersed
more homogeneously over the surface of a microscgpd. The tendency of Au NPs
towards two-dimensional assembfify is clearly observable, manifesting itself as a
formation of regions with nearly regular interpeleispacing.

As a result, a question has just arisen if therfrateticle space is filled by the polymer
and/or if the residual TOAB remained in the comfessieven after their precipitation and
redissolution. To answer this question, an eleni@malysis was performed. The results from
the elemental analysis confirmed that the phasesfiea reagent was mostly removed (the
sample contained less than 0.25% nitrogen and neaBrdetected within the resolution of the
method).

Size distributions of Au NPs in Au/P30T compositgse M andR prepared using
two different phase-transfer reagents are compiarédgure 4.3-11Both procedures led to
formation of small NPs (1 - 10 nm). Nanoparticleesdistributions of Au/P30T composites
type M are narrower and mean particle sizes are slightigller than those for composites
typeR. In Au(TDAB)/P30OT composite typkl, there is a great number of particles with sizes
between 2 — 4 nm. This fraction results in a lowalue of median of nanopatrticle sizes
(dmeda= 3.4 nm) compared with that obtained for Au(TOAB)YP3 composite M
(dmeqa= 4.2 nm). In both composites type there are observable fractions of particles with
sizes above 8 nm which are almost absent in thegosites typeM. The presence of these
particles in the composités shifts the values of median of nanopatrticle stedsigher values
than those obtained for composites tiype The composit&R prepared using TDAB contains
particles with smaller sizes than compostterepared using TOAB similarly to composites

typeM.
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Figure 4.3-9.TEM images of Au/P30T composites tyideprepared from (a) TOAB-stabilized Au organosol
and (b) TDAB-stabilized Au organosol.

Figure 4.3-10.TEM images of Au/P30OT composites tyReprepared using (a) TOAB and (b) TDAB.
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Figure 4.3-11.Nanoparticle size distributions in Au/P30T compesitypeM andR 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 compositetgnla was also measured by DLS.

DLS provides bulk information: it means that DLSaserement is sensitive to the size of the
whole nanostructure present within the compositetiem. Another advantage of DLS is that
this method avoids selective sampling which caruo@c TEM measurement. On the other
hand, this technique has also inherent limitatigg., limited detectable size range) and
should not be expected to give particle diametefschv are identical to the TEM
observations. DLS can serve as a very useful corabbry technique in combination with
TEM and UV-Vis measurements.

Nanoparticle size distributions determined by Db Au/P3OT composite samples
are shown in Figure 4.3-12Zorresponding hydrodynamic diameters are presemted
Table 4.3-3. Generally, monomodal particle sizérithstions were obtained for all composite
samples except the composite typeprepared from the TDAB-stabilized Au organosoleTh
average nanoparticle sizes of all samples are rdgrikarger than those obtained by TEM
measurements (Figure 4.3-11). It indicates thatsthlations of composite samples contain
larger objects which may be formed by the bridgofgAu NPs by the polymer. These
assemblies of Au NPs linked by the polymer chaus tshow larger sizes in DLS experiment
compared to the sizes of individual Au NPs obtaibgdlEM. Composite typ&1 prepared
from TOAB-stabilized Au organosol contains the asgkes with the smallest size
(d=(68.4 £ 1.1) nm). Composite typd prepared from TDAB-stabilized Au organosol
contains two particle fractions: the smaller oneavihg slightly larger size
(d=(17.1 £ 2.1) nm) than the size of Au NPs in thiginal TDAB-stabilized Au organosol
(d = (11.3 £ 0.3) nm), and the second one, havingstbe @ = (117.6 £ 1.7) nm) similar to
the size of assemblies in the composites §dd = (105.7 £ 1.7) nm). Au/P30T composites
type R prepared using both TOAB and TDAB have nearlysémme particle sizes and patrticle

size distribution.

composite typ composite typ®&

Au(TOAB)/P30T |d=(68.4+1.1)nm |d=(106.4+1.4)nm
Au(TDAB)/P30OT |d;=(117.6 +1.7) nm | d = (105.7 + 1.7) nm
d,=(17.1+£2.1) nm

Table 4.3-3.Hydrodynamic diameters in Au/P30T composites deitezthby
DLS measurement.
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Figure 4.3-12.Nanopatrticle size distributions determined by DaGSAuU/P30T composites tygdd (a,b) and typ®
(c,d) obtained using TOAB (a,c) and TDAB (b,d).

4.3.3.Characterization of Ag/P30T composites

4.3.3.1. UV-Vis spectroscopy
UV-Vis spectra of Ag(TOAB)/P30T composites tyeandR are almost identical to

the spectrum of the neat P30T (Figure is not showhjs can be explained by weak
extinction of TOAB-stabilized Ag organosol and hy averlap of the SPE band of Ag NPs
with the absorption band of P30T, both having tlexima in the same wavelength interval.
By contrast, the spectra of composites preparedgu$DAB show observable
differences from the spectrum of the neat polymdareover, the precipitation of the
composite in methanol has an influence on the spest composites. The spectra of
Ag(TDAB)/P30T composite typ& before precipitation and its constituents (Ag owsol
and neat P30OT) are depicted in Figure 4.3-13. Tectsum of the composite taken
immediately after the mixing of both componentsibith the features of the Ag organosol.
The band is slightly broadened compared to thatthef parent organosol. The band
broadening accompanied with a shift of SPE maxic@uis with increasing time of stirring

of the composite. SPE maximum is shifted from 4tie parent Ag organosol to 428 nm. It
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could correspond to the interaction between theyrpet chains and Ag NPs and/or
nanoparticle aggregation. Precipitation of the cosie and its redissolution in toluene has an
essential impact on the composite spectrum. Fjrstlg spectrum of composite loses the
features of Ag organosol and resembles the speabfitine polymer as can be seen from the
inset of Figure 4.3-13. However, the differencenssn the spectra of the composite and neat
polymer can be seen in long wavelength region.tkRercomposite, the increase in extinction
above 550 nm and a broad secondary band with anmaxiaround 800 nm are observed. It
could be assigned to the presence of large Ag NR§@aggregates.

The spectra of AgQ(TDAB)/P30OT composite tyReduring NPs formation as well as
after precipitation are shown in Figure 4.3-14. lation of SPE spectra of the composite after
the reductant addition shows that first the absonptaximum of the polymer shifts towards
shorter wavelength and then the extinction increagéh increasing time. We suspect that it
corresponds to the formation of smaller Ag NPs hgwWwPE band with maximum at about
420 nm, overlapping with polymer absorption. Pregatpn of the composite and its
redissolution in toluene has also influence on tbenposite spectrum, but the effect is
different from that observed for composite tyyle The position of the SPE maximum of the
composite does not change, but the intensity ofrtam band decreases and, simultaneously,
the extinction in the red region increases. Theease in extinction above 550 nm could
correspond to the formation of Ag NP aggregatesr dfte precipitation. We predict on basis
of SPE spectra of the composites that the sizeggfemates in composite typeis smaller
than the aggregate size in the composite tipesince elevated extinction background
observed in the spectrum of composité corresponds to large, nearly macroscopic
aggregates. These aggregates approach the extimttawacteristics of bulk silver. Contrary
to that, gradual decrease in extinction above 58Mmhserved for the composieresembles
a long-wavelength tail of SPE spectrum of Ag hydtagoon addition of chloride ions which
cause the formation of small compact Ag aggregtés?

Interestingly, such influence of precipitation dre tspectra was not observed in the
case of Au/P30T composites. Thus, it can be susg@dhat the phase transfer reagent and/or
the polymer have different affinity to nanopartglef gold and silver, affecting the removal
of the phase transfer agent during the precipitatMoreover, the preparation method of
composites seems to have also an influence on phwology of nanoparticles in the
resulted composites. To be able to discuss theseulgtions, the predicted nanoparticle
morphology had to be confirmed by the TEM measurdrf@lowed by EDAX.
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Figure 4.3-13. SPE spectra of Ag(TDAB)/P30OT composite typk taken immediately after the mixing of
component (green line), 120 min after the mixingrfye line) and after the precipitation in methaaold
redissolution in toluene (blue line). SPE spectafrig organosol (black line) and absorption speutaf neat
polymer (red line) are plotted for comparison. Cangon of absorption spectrum of the neat polymed (ine)
and SPE spectrum of the composite after the ptatipm and redissolution in toluene (blue linesiwn in
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Figure 4.3-14.SPE spectra of Ag(TDAB)/P30T composite tyRetaken 5 min after reductant addition (red
line), 120 min after reductant addition (green Jiaed after the precipitation in methanol and realistion in
toluene (blue line). Absorption spectrum of thetaaymer 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/P30T coagites obtained using TOAB

before and after the precipitation will be discass€EM images of these composites are
depicted in Figure 4.3-15. Similarly to Au NPs aining composites, the globular structures
are observed in TEM images (Figure 4.3-15a,b) ofPR@QT composites before the
precipitation. However, the density of particles mauch lower compared to Au/P30OT
composites. It corresponds to the decrease in Nt during the composite preparations.
In Ag/P30OT composite typ&, markedly more NPs are found outside globularcstnes

(Figure 4.3-15b). After the precipitation and reaisition in toluene, the globular structures
disappear and the NPs are scattered over the vimaige (Figure 4.3-15c,d). The image
analysis of NP sizes (Figure 4.3-16) shows thath bptocedures lead to very small

nanoparticles of similar sizd,~ 3 nm, for both composites.
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Figure 4.3-15. TEM images of Ag(TOAB)/P30OT composites typ& (a,c) and typeR (b,d) before the
precipitation (a,b) and after the precipitatiormethanol and redissolution in toluene (c,d).
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Figure 4.3-16 Nanoparticle size distributions in Ag(TOAB)/P30T
composites (a) typ®! and (b) typeR.

Figure 4.3-17 shows the TEM images of Ag NPs in T&y&B)/P30OT composites
before the precipitation as well as after the pigaiion and redissolution in toluene.
Surprisingly, the globular structures are not obsér even before precipitation
(Figure 4.3-17a,b). The isolated particles are lined in small 2-D assemblies. The
precipitation has significant influence on the naawticle morphology. In case of composite
type M, the particles have tendency to aggregate ingelaggregates with sizes in orgeen
(Figure 4.3-17c). The detail image (Figure 4.3-1st@ws that these aggregates are formed by
intergrown particles. Aggregate formation occursoain composite typeR after the
precipitation as shown in Figure 4.3-17d. Nevedbg] the aggregates are smaller in size.
They are formed by larger intergrown particles sunded by smaller separated particles.

The results presented above show that preparatmsegure influences significantly
the morphology of Ag NPs in the resulted Ag(TDAB®T nanocomposites in contrast to
Au/P30T composites. In case of composites typdhe particles are originally stabilized by
the phase-transfer agent (TOAB or TDAB). Mixingparticles with P3OT should lead to a
stabilizer exchange, replacement of the molecufephase transfer agent by the polymer
chains. Removal of phase-transfer agent by pretipit in methanol should lead to
composites containing metal NPs stabilized mosyiytie polymer. The presence of small
separated Au NPs in Au/P30T composites (FigureQ.igdicates that P3OT acts as a good
stabilizer of Au NPs. On the other hand, the preseof large intergown aggregates in
Ag(TDAB)/P30T composites typk®l shows that P3OT only poorly stabilizes Ag NPshiis t
composite and, therefore, the removal of the pliasesfer agent by precipitation leads to

fusion of particles. Another possible explanationthe presence of such large aggregates can
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be formation of Ag Br species on Ag NP surface sibcomide ions have a good affinity
towards Ag surfac&® To confirm this hypothesis, EDAX analysis ha®éoperformed.

In case oin situ preparation of composites typg it is believed that the particles are
stabilized by the polymer and/or by the phase-fearsgent since both possible nanopatrticle
stabilizers are present in the course of the faomabf nanoparticles during thim situ
preparation. The presence of small Ag NPs and smillP aggregates in Ag(TDAB)/P30T
composites typ& compared to large intergrown aggregates in congmsypeM shows that
in situ procedure seems to be more suitable for the pagparof composites containing Ag
NPs than merely mixing of the components sincestiabilization of nanoparticles by the
polymer in the composites typR is more efficient than in the composite type In
summary, while both procedures can be used foptéearation of composites containing Au
NPs,in situ procedure is more suitable for the preparatiopatymer composites containing
Ag NPs.

TEM imaging was followed by EDAX analysis to eldate possible formation of
AgBr species on Ag NP surface in Ag/P30T composiEBAX analysis (Figure 4.3-18
showed that bromide ions remain in the Ag(TDAB)/H3@anocomposites even after the
precipitation. Since EDAX is sensitive to the spscpresent only on the surface of strongly
electron absorbing material in the focused electream, the observed signal can be ascribed
to the Br atoms present on Ag NP surface. It thusians the affinity of bromide ions to
silver surface leading to formation of bromide-nfiei Ag NPs and these bromides cannot
be removed by purification. The adsorbed bromidesttee Ag NP surface facilitate the

formation of intergrown aggregates (Figure 4.3-f)7after Ag/P30T composite purification.
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Figure 4.3-17.TEM images of Ag(TDAB)/P30OT composites type (a,&/epnd (b,d,NR before the
precipitation (a,b) and after the precipitatiomiathanol and redissolution in toluene (c-f)
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Figure 4.3-18.EDAX spectra of Ag NP aggregates in Ag(TDAB)/P3@dmposite (a) typ# and (b) typeR
after the precipitation in methanol and redissoluin toluene.
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4.3.3.3. Dynamic light scattering (DLS)
Hydrodynamic diameters determined for Ag/P30OT cositps are shown in

Table 4.3-4. Similarly to Au NPs containing compesj the diameters found by DLS
markedly exceed the values obtained from TEM imggilt indicates that Ag NPs in
composite solutions are present in larger assemblién associates formed by the NPs and
by the polymer. The largest hydrodynamic diameterobtained for Ag(TDAB)/P30T
composite typeM. It is in agreement with TEM observation where é&igtergrown Ag
aggregates are present (Figure 4.3-17c). Smalnater of nanoparticle assemblies was
found for Ag(TOAB)/P30OT composite typ®. For composites typdR, bimodal size
distributions were obtained. Smaller sizes of bdéimoparticle fractions were observed for
Ag(TDAB)/P30T composite compared to the sizes of( TKgAB)/P3OT composite. For
Ag(TDAB)/P30T composite typ®, the hydrodynamic diameter of fraction of partsclegith
smaller size could correspond to small separatewpeaticles and/or small aggregates of
several particles which were found in TEM imagetloé composite (Figure 4.3-17d). The
second nanoparticle fraction with larger hydrodymadiameter could be assigned to larger
NP aggregates which were also observed in TEM inagether with small NPs.

composite typé/ composite typ&

Ag(TOAB)/P30T d = (248.56 + 14.27) nmd; = (96.65 £ 7.60) nm
d> = (374.35 + 7.87) nm
Ag(TDAB)/P30T d=(867.93 £ 50.38) nmd; = (21.52 £ 4.25) nm
d>=(90.93 + 2.67) nm

Table 4.3-4. Hydrodynamic diameters in Ag/P30T composites deiteeth by DLS
measurement.
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4.3.4 Raman spectroscopy
4.34.1. SERS spectra of Au/P30T composites

Raman spectra of Au(TOAB)/P30T composites as welbfathe neat polymer are
shown in Figure 4.3-19a. The spectra were meaduoed thin films prepared according to
the procedure described in Chapter 3.3. The pasitaf the most characteristic bands were
assigned on the basis of earlier published respitsSERS spectral measurements of
polyalkylthiophenes cast on roughened gold eleesddi 3 The most intensive bands at
1444 cnt and 1380 cm were assigned to the,G Gz symmetric stretching mode and to the
Cs - G single bond stretching mode of the thiophene rmegpectively. The ratios of the
integral intensities of these two bands for comigosamples, known to be sensitive to the
polymer oxidation®® *™* remained the same in both types of the compoaie®r the neat
P30T. The band at 727 €nfC-S-C ring bending) as well as the positions afran bands at
1509, 1208, 1198, 1182, 1090, 1013 and 598 eme the same as those reported for P30T,

e.g. in the paper by Baibarac and coworkérs
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Figure 4.3-19.Raman spectra of (a) Au(TOAB)/P30OT composites dd\((TDAB)/P30T composites taken with

632.8 nm excitation wavelength. Composites tipare depicted as red curves, composites R/@s green curves,
neat P30T (black curves) are shown for the comparis

It is obvious that Raman spectra of the compositapdes yielded enhanced Raman
signal with clearly observable bands typical folyfnophene (Figure 4.3-19). The integrated
relative intensities of the most intense Raman batd1444 cil are more than ten times
higher for the composites compared to the purerpety(as follows from the results of the
band decomposition and integration procedure). @gancement is more pronounced for
composite typeM compared to that for composite type To enable an explanation of
different surface enhancement of Raman scatteringaoh of the composite samples, the
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morphology and optical responses of Au NPs in the films of composite samples have
been investigated by SPE spectral measurementSENMdmMaging.

Firstly, UV-Vis (i.e. SPE of Au NPs and polymer ahlstion) spectra of the
composites were measured on the same films as gepliwr the Raman measurement.
These spectra as well as the absorption spectrutheofneat polymer are compared in
Figure 4.3-20a. The spectra of the composites smowcreased extinction compared to the
absorption of the neat polymer. It can be ascrifoethe SPE of Au NPs or NP aggregates.
Moreover, the extinction above 700 nm for composjpe M is slightly higher than that for
composite typeR. Since extinction in this wavelength region mostlyrresponds to the
presence of nanoparticle aggregates, its increadd adicate that compositd has a higher

content of the aggregates than compdite
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Figure 4.3-20. SPE spectra of thin films of (a) Au(TOAB)/P30T camsfies and (b) Au(TDAB)/P30OT
composites. Composites typk are depicted as red curves, composites Bjas green curves and neat P30T -
black curves is shown for the comparison.

SEM images of composite films (Figure 4.3-21a,Hx)ve that the morphologies of Au
NPs in each of them are, indeed, different. In cositp typeM, large NP aggregates together
with small aggregates or isolated particles arenlesl. The presence of large aggregates was
also confirmed by optical microscopy imaging durimjcro-Raman spectra measurement.
This observation is somewhat surprising, becau$e simall isolated Au NPs were found in
the TEM images of the deposited composite (Figuded4). It should be mentioned that the
preparation of films by spin-coating technique wapeated and the same morphology of
composite typeM was obtained. It thus seems that an applicatiorthef spin-coating
technique of the film preparation plays a key ial¢he formation of such Au NP aggregates
in these composites since it is generally knowrt tharphology of polythiophene layer

depends strongly on the condition of film prepamatinamely, on the rate and duration of
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solvent vaporizatiol>. On the other hand, such large aggregates angresent in the film of
composite typdR, which is constituted by small aggregates of AtsNP

Figure 4.3-21.SEM images of films of Au(TOAB)/P30T compositesay@)M and (b)R
and of Au(TDAB)/P3OT composites type (d) and (d)R.

The surface enhancement of the polymer Raman sapsarved for these composite
samples can be now more clearly explained. The rex@maent is more pronounced for
composite typeM since it contains large NP aggregates. These gg@® can act as the
carriers of ,hot spots®, i.e. strong, nanoscalealzed optical fields, from which strongly
enhanced SERS signal of the polymer originates. éifeancement can be explained by an
electromagnetic amplification mechanism in the @negs of the plasmonic nanostructures
(large Au NP aggregates for composite tyypeand small Au NP aggregates for composite
type R). The absence of any shifts of the polymer Ranmanrdb in the composites compared
to the pure polymer indicates that the polymerasahemisorbed on Au NPs. Therefore, the
observed enhancement can be attributed only telderomagnetic (EM) mechanisms of

SERS. The largest contribution to the SERS sigmigiirates from the polymer segments
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localized in the vicinity of Au NPs surfaces, oreavmore probably, in the strong optical
fields localized in interstices between the rattiesely spaced Au NPs.

Raman spectra of composites prepared by using TAE also obtained with the
632.8 nm excitation. Raman spectra (Figure 4.3-1b)he composite samples show no
detectable enhancement of the Raman signal ofdlyener. SPE spectra and corresponding
SEM images of the composites are shown in FiguB28b and Figure 4.3-21c,d. The
morphologies of Au NPs in both composite sampleandR are very similar: small Au NPs
and/or small NP assemblies are observed. Therdfmedack of the enhancement of Raman
signal obtained with 632.8 nm excitation can belarpd by the absence of nanoparticle

aggregates in the spin-coated samples of the Au@)?8OT composites.

4.3.4.2. SERS spectra of Ag/P30OT composites
Raman spectra of thin films of Ag/P30OT composgps-coated on glass substrates

have been measured and interpreted. For the Ag/R8@iposites prepared using TOAB, no
changes in Raman spectra were observed. It walsudtl to a low content of Ag NPs in the
resulted composites and to the small size of natiofgs (less than 3 nm). Such small
nanoparticles do not show surface plasmon resonance

On the other hand, Raman spectra of Ag/P30T cortgsogirepared using TDAB
revealed some interesting features. Prior to therpretation of Raman measurements, a
special attention was paid to SPE spectral measmesmand SEM imaging of composite
films since variations of the plasmonic metal nartiple morphologies and their optical
responses can substantially influence the Ramaralsephancement, as it was demonstrated
in the previous chapter.

UV-Vis spectra (SPE of Ag
NPs and polymer absorption) of the
films of Ag(TDAB)/P30T composites 020

0.24

T
514 nm

typeM andR as well as neat P30T are

Extinction

depicted in Figure 4.3-22. First, a

slight increase in absorption above

700 nm observed for the neat polymer

was assigned to the interference due to w0 500 600 700 800

Wavelength [nm]

the reflections within films cast on a
Figure 4.3-22.SPE spectra of AgQ(TDAB)/P30T composites

glass substrate. SPE spectrum of thgeM (red curve) and (green curve). Absorption spectrum
of neat P30T film (black curve) is shown for conipan.
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composite typéM is similar to the absorption spectrum of neat P3lvever, an increase in
extinction in spectral regions 340 — 470 and 6@D6- nm is observed for the composite. This
increase could correspond to the presence of Agdiffegates rather than of isolated NPs.
Compared with the spectrum of the neat P30T, tleetapm of composit® (green curve)
contains the additional band in the 360 — 450 netisal range. It could be assigned to the
extinction of small isolated Ag NPs (for exampl®ESband of a hydrosol containing ca. 9 nm
Ag NPs shows a maximum at 398 nm) and smaller ggggs.

SEM images (Figure 4.3-23) show the morphology of€MPs in composite films. The
morphological features of the spin cast films amal@gous to those observed earlier in the
TEM images of the composites deposited on carbatedogrid (Figure 4.3-17). In particular,
the composite typ® contains large fused Ag NP aggregates while sisalthted Ag NPs or
smaller aggregates are found in composite fgp®ifferent morphology of the composite

samples could cause a different localization oftelefield intensities upon laser excitation.

Figure 4.3-23.SEM images of spin cast films of Ag(TDAB)/P30T cawsjies (a) typé
and (b) typeR.

Raman spectra of the composites tyyleand R and of the neat polymer (Figure
4.3-24) were measured at various laser excitatiavelengths (441.6, 514.5 and 632.8 nm) to
evaluate the Raman signal enhancement to the aukspectra.

Excitation with 632.8 nm wavelengifhe spectra of the Ag/P30T composites tiype
and R as well as of the neat polymer taken with 632.8 wawelength depicted in
Figure 4.3-24c are identical. The wavenumbers ldbatds are the same in the spectra of the
composites as in the spectrum of the polymer. Taerechemisorption of the polymer on Ag

NPs and the possibility of formation of a chargesifer complex can be excluded. Moreover,
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Figure 4.3-24.SERS spectra of Ag(TDAB)/P30T composites tipgred spectra), typR (green spectra) and
Raman spectra of neat P30T (black spectra) meastradious excitation lines.
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the wavenumbers of Raman bands are in agreemettmose observed in the spectra of
Au/P30T composites and neat polymer excited atddwme wavelength (632.8 nm, see
Figure 4.3-19). The most intense bands at 1383 &b cnmi' are assigned to ¢&C;
stretching and @Cg ring stretching vibratiot§®> *"$ respectively, and they are denoted
within the text as band andB.

Excitation with 441.6 nm wavelengifhe Raman spectra of Ag/P30T composites and
neat polymer are depicted in Figure 4.3-24a. Atst §lance, the substantial changes occur in
these spectra in comparison to those excited at868&1 (Figure 4.3-24c). Namely, the
position and/or the shape of the baBdchange. In the spectra of the neat polymer and
composite typéM, the bandB at 1450 crit is markedly asymmetric with a shoulder around
1470 cm', while in the spectrum of composite tyRethis shoulder increases in intensity and
determines the actual position of the b&drherefore, a relatively large shift of the bdd
is observed (from 1450 ¢hto 1469 cnit).

It should be mentioned that the spectra of the peatmer and composite tydd
resemble the Raman spectrum of P30T obtained an#bexcitation in ret’® in which a
similar shoulder has been observed. The main baddtl®e shoulder can be related to the
different polymer structures. In r&f/, two limiting molecular conformations of the polgm
side chain are described. The ordered structunesmonding to the planar conformation of
the thiophene main chains with &léns methylene side chains at low temperatures giges ri
to the absorption band at about 500 nm. A blue shihe absorption band is observed for the
disorder twisted main chain conformation with ramdcoiled methylene side groups at high
temperatures. At room temperature (our case), stotitctures coexist in the polymer sample.
Upon 441.6 nm excitation, Raman spectra of the rpelychains with short conjugation
lengths (disordered structures) are resonantlytexkclt can be proposed that the shoulder at
1470 cni is probably related to this disordered structifreeems that the presence of small
isolated Ag NPs and small aggregates in the cortgpogieR affects the crystallinity of the
polymer chains and therefore the shoulder at 14Wd & this composite dominates in
comparison to the spectra of the neat polymer hedcomposite typ&1. Furthermore, the
shift of the bandB from 1446 (632.8 nm excitation) to 1450 tr441.6 nm excitation)
observed for the neat polymer and composite typean be related to the effect of Raman
dispersion or to the presence of a small fractibndisordered structure with shorter
conjugation length which manifests itself by a dbeuat 1470 cr.

In the spectra of the neat polymer as well as dh mmmposites, a new band at
1520 cmt* (1525 cnt) denoted as bar@ emerges. In particular, the wavenumber of the band
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C in the Raman spectra of neat polymer and the ceitgdd is 1520 crit, while a shift of
this band to 1525 cithis encountered in the spectrum of compoRitérhis band is assigned
to the G=Cg ring stretching vibratioH® A question has arisen if the shift of this bahds
related to the shift of the baf The answer to this question has emerged fronnpretation
of the Raman spectra measured with 514.5 nm eixxitat

Excitation with 514.5 nm wavelengtRaman spectra of the neat polymer and the
composites obtained using 514.5 nm excitation vength are shown in Figure 4.3-24b. The
spectrum of the neat polymer shows Biband position at the same wavenumber (1458)cm
as that excited at 441.6 nm but without the shauddld 470 crt. For composited andR,
the shifts of the banB with respect to the band for the neat polymerafrgerved. The most
pronounced shift of the barBlito 1458 crit is observed for compositd, whilein composite
R, this band is shifted to 1455 &miThe bandC simultaneously shifts to higher wavenumbers
in comparison with that for the neat polymer (1548 (P30T) — 1522 cnt (R) —
1524 cmi* (M)). It is thus clearly seen that the shift of t8C is related to the shift of the
band B. The simultaneous shifts of ban@sand C in the spectra of the composites are
consistent with their assignment since the banétsngeto the G=Cg and G-=Cg- stretching
vibrations of thiophene ring, respectively.

The origin of appearance of the ba@dnd the changes of the baBdvith excitation
wavelength have been examined on bases of detdromrat relative band intensities ratios
[(B)/I(A) and I(C)/I(A). The ratios were related to the intensity of tvend A since its
intensity and position remains unchanged for afldusxcitation wavelengths. This analysis
could provide the elucidation if the molecular nemoce and/or EM enhancement of SERS,
relation to the presence of disordered structuresrasponsible for the observed spectral
changes.

The values of ratios of(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 polymely the molecular resonance enhancement
is expected. The ratigB)/I(A) decreases as the excitation wavelength increaseslowest
value is achieved at 632.8 nm excitation sincedRistation wavelength only poorly matches
the absorption spectrum of the polymer. The 51#5ercitation wavelength falls nearly into
the maximum of the absorption spectrum of the pelyand therefore the maximal value of
the ratiol(B)/I(A) should be achieved. However, the larger valu¢hefratiol(B)/I(A) is
obtained at 441.6 nm excitation. It can be explkhimy the presence of the polymer
disordered structures which are resonantly enhaatdtis excitation and which manifest
itself as a shoulder of the baid Therefore, the intensity of this band is larged41.6 nm
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excitation than that obtained using 514.5 nm ekoita Also the value of the ratidC)/I1(A)
has larger value at 441.6 nm excitation than th&ined using 514.5 nm excitation.

The values of the ratid(B)/I(A) determined for both composites for 632.8 nm
excitation are similar to the value determinedtfe neat polymer. For composite tyRethe
values of the rati®(B)/I(A) increase with decreasing excitation wavelengtdagously with
these values determined for the neat polymer. Hewdlie values determined for 514.5 and
441.6 nm excitations are much greater than thosethfe neat polymer. Moreover, the
increasing trend of values of ratlB)/I(A) with decreasing excitation wavelength is not
fulfilled for composite typeM since the maximal value is achieved for 514.5 nmitation
wavelength. The values of the rati¢C)/I(A) for composites exhibit also differences in
comparison to those determined for the neat polyfoercomposite typdr, the values are
greater than those for the polymer and, for contpdgpeM, the maximal value is achieved
at 514.5 nm excitation. The described changesanvéthues of ratio(B)/1(A) andI(C)/1(A)
show that the Raman sighal enhancement can natgiaeireed only by molecular resonance

contribution. Therefore, the contribution of sugaenhancement could be considered.

Sample 1[(B)/I(A)

Aexc = 441.6 NM| Aexc = 514.5 NM | Agye = 632.8 Nm
neat P30T 18 11 8
composite typéV 14 30 11
composite typ®R 31 18 9

Table 4.3-5.Mutual ratios of theB andA bands intensities.

Sample I(C)/I(A)

Aexc = 441.6 NM| Aexc= 514.5 nm
neat P30T 0.7 0.2
composite typéV 0.4 0.6
composite typ&R 1.2 0.3

Table 4.3-6.Mutual ratios of the&C andA bands intensities.

The SPE spectra of the composites (Figure 4.3l as the morphologies of Ag
NPs in the composite samples (Figure 4.3-23) havée considered for elucidation of
surface-enhancement of their Raman signal. Thetaddan at 441.6 nm coincides with

extinction of Ag NPs manifesting itself as a sheulthetween 375 — 445 nm in the SPE
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spectrum of the composite typewhile 514.5 nm excitation matches the SPE spectiithe
composite typeM containing large aggregates (Figure 4.3-22) shgvertinction above
500 nm. From the ratios of théB)/I(A) band intensities (Table 4.3-5) it is seen thatrttio
reaches the maximal value when the laser excitatiamelength coincides with the SPE
spectral features (bands or shoulders) of the quaati composite sample. For the composite
type M, the maximal value of the ratl@B)/I(A) is achieved at 514.5 nm excitation while for
the composite typ® the maximal value corresponds to 441.6 nm exciat®milarly, the
ratio I(C)/I(A) (Table 4.3-6) is maximal for the cases when tt@tation coincides with SPE
spectral features of the particular composite sampl

In summation, the observed changes in Raman spettta/P30T composites, in
particular the change in both the shape and irtteabthe band and appearance of the band
C, can be ascribed to the combination of molecuémomance and surface-enhancement
electromagnetic contributions. At 441.6 nm exaomatidisordered structures of the polymer
with shorter conjugation length are resonantly eckd. For the composite typd, the
molecular resonance enhancement dominates therapeattern, since the extinction of Ag
nanostructures in this composite is only very weskthis wavelength. The resonance
enhancement manifests itself as a shoulder ofahe® at 1470 crit. On the other hand, for
the composite typ®, this shoulder becomes the main band. This bgmghrantly, gains its
spectral intensity from both the molecular resoraamtd from surface-enhancement, since the
441.6 nm excitation wavelength coincides with anprnced extinction of Ag nanostructures
present in this composite. Therefore, it is expkdteat the polymer chains with shorter
conjugation length are preferentially localized time interstices of Ag NPs and/or NP
aggregates. At 514.5 nm excitation, the surfacexsecdment is achieved for the composite
type M since the excitation wavelength matches the etxtinof large intergrown aggregates
which are present in the composite. Furthermore stiift of the ban® is related to the shift
of the bandC. It can be explained by the fact that the bandsaasigned to the,£Cs and
Cq=Cg stretching vibrations of thiophene ring, respedtive

In the previously published papers, SERS spectrapafalkylthiophenes were

124 1755 well as in Ag colloif® at 514.5 nm

obtained on a roughened Ag electrde
excitation wavelength. Electrodeposition of P3Amfonto Ag plates led to the amplification
of Raman bands of the polymer which was assigne®E®RS effect combined with a
resonance contribution. The shifts of Raman baneie wot observed. For measurement of
SERS spectra of P30T (dissolved in THF) in Ag hgdtdhe addition of sodium nitrate was

required which caused the aggregation of the hydird®ell resolved SERS spectra recorded
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at 514.5 nm laser excitation were obtained at ewy concentration of the polymer
(107 - 108 M). The most significant changes in Raman spectuoompanied by the shifts of
Raman bands were observed for polymethylthiopti&rie particular, the shift of the bargi

to 1461 crit was found. These published results obtained ftyafio/lthiophenes adsorbed
on Ag NPs are in a good agreement with observatiained for the composite typé at the
same excitation wavelength (514.5 nm) in this stullyere is thus the evidence that the
polymer chains are in interaction with Ag NP aggiteg or, alternatively, that the polymer

chains are localized in hot spots of Ag NP aggegat

4.3.5. Conclusions

1. Phase transfer agent used in organosol preparatiloiences the stability of the
metal NPs during as well as after the preparat@hile both TDAB and TOAB
can be used for the preparation of Au organosotsi§ organosol preparation it is
better to use TDAB since Ag organosol preparedu3i®AB is non-stable in
time.

2. Precipitation of composite solutions in methanaégsin composite preparation)
has significant impact on NPs morphology. Globuktructures with the
concentration of Au NPs on their perimeter weresen¢ in Au/P30T composites
before precipitation while well separated particle®re observed after the
precipitation and redissolution of composites. &swound that the formation of
such globular structures is influenced by the preseof a phase transfer reagent
(tetraoctylammonium bromide) as well as P3OT in #wdution of Au/P30T
composites. In Ag/P3OT composites prepared usingH,Dformation of large
intergrown nanoparticle aggregates was observed tifé composite precipitation
and its redissolution.

3. The difference in morphology of NPs in the resuld/P30T and Ag/P30T
composites (small separated particles in Au/P3Qpasites and large aggregates
in Ag/P30T composites) was assigned to higher gtisor affinity of bromide
ions originated from the phase transfer agent tdNRgsurface compared with that
to Au NP surface. Bromide ions can not be removethfAg NP surface by
precipitation and, therefore, intergrown NP aggtegaare formed in Ag/P30T

composites.
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The presence of smaller NP aggregates and smékasoAg NPs in Ag/P30T
composites typ& compared to large intergrown aggregates in congmsypeM
indicates thain situ procedure seems to be more suitable for the pagparof
P30T composites containing Ag NPs than merely ngixihthe components since
the stabilization of nanoparticles by the polymethe composites typR is more
efficient than in the composite typé. On the other hand, both procedures can be
equally used for the preparation of P3OT compositegaining Au NPs since they
provide similar nanoparticle size and nanoparsie distribution.

SERS spectra of the composites of P30T and metal siBwed to be strongly
affected by the morphology of metal NPs in the cosie films. Interestingly,
more than ten-fold enhancement of Raman scattém@u/P30T composite type
M containing large nanoparticle aggregates was wéedeupon excitation with
632.8 nm wavelength. It was attributed to the EMchamisms of SERS.
SERS/SERRS spectral probing of Ag/P30T composyies M andR enabled to
pinpoint the mutual difference in the polymer stanes encountered within each
of them, in particular the dominance of the disoedestructure in the composite

typeR.
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4.4. Polymer composites containing Au nanoparticles angoly[2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]

This Chapter is focused on the preparation andackenization of hybrid materials
consisting of Au NPs and poly[2-methoxy-5-(2-etleptiiloxy)-1,4-phenylenevinylene]
(MEH-PPV). The composites were prepared using ampfocedures as the composites with
P30T (Chapter 4.3.). Briefly, simple mixing of Aanmoparticle organosol with the polymer
solution of various concentrations was used foraioiltg composites typev while
composites typ® were prepared by an situ reduction of metal ions in the presence of the
polymer solutions of various concentrations. Theoapand morphological properties of both
types of hybrid materials will be compared and atages/disadvantages of the preparative
methods will be shown and discussed in this chagferally, the properties of these

composites will be compared with those obtainedP@OT.

4.4.1.Morphologies of Au nanoparticles in organosol and @amposites with
MEH-PPV

4.4.1.1. Parent Au organosol
Since dichloromethane (DCM) is a commonly used esaivfor alkoxy-substituted

PPVs, contrary to P30T composites, Au NPs had tprbpared in DCM. TEM image and
corresponding nanopatrticles size distribution ef plarent Au organosol in DCM is shown in
Figure 4.4-1. It contains small, mostly isolated AEs with the average size of 4 nm.
Compared to TOAB-stabilized Au organosol in toluethe particles in DCM are smaller than
those prepared in tolueng £ (5.6 = 1.4) nm).
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Figure 4.4-1. TEM image and nanopatrticles size distributionhef parent Au organosol in DCM.

103



Results and Discussion

4.4.1.2. Nanocomposites type M
Representative TEM images and nanoparticle sizaldison diagrams (Figure 4.4-2)

clearly show that the morphology of Au NPs in nampositedM markedly depends on the
polymer concentration. Well-separated small Au MPthe mean sized(= (4 + 1) nm) are
observed in the nanocomposite (higher polymer concentration, Figure 4.4-2b),ihguthe
size distribution practically identical with that the parent Au organosol (Figure 4.4-1). On
the other hand, large Au NPs and small compacteggges consisting of several NPs with the
overall mean sized(= (10.2 + 5.3) nm) and a broad size distributioea abserved in the
nanocompositél; (Figure 4.4-2a), in which the polymer concentnati® seven times lower
than that inMj. This observation suggests that polymer molecuddse part in the
stabilization of Au NPs after the removal of thegoral stabilizer (TOAB) from the system
during the precipitation and purification of thennaomposite. The preformed small Au NPs
are well dispersed in the polymer-rich systsh but poorly stabilized in the polymer-poor

systemM-, in which they undergo subsequent assembling goeggtes or they even fuse to

larger NPs. This means that the morphology of Aus N 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 distributionsAofNPs for nanocomposites (&); and

(b) M with the AU/MEH-PPV ratio 7/1 and 1/1, respectjel
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4.4.1.3. Nanocomposites type R
Figure 4.4-3 shows TEM images of nanocomposikes to R; with various

Au/polymer ratio, and nanoparticles size distribution diagrams oflateal particles in
nanocompositeR; and R, 3, for which corresponding nanoparticles size distiitns could

be determined. TEM images indicate entirely différelependence of the nanoparticle
morphology on the polymer concentration, almostagie to that one observed in the
nanocompositedl. In the composit&®; containing the lowest polymer concentration, gear
fraction of small isolated NPs (mean siz& nm) accompanied by an occurrence of smaller
aggregates of several nanoparticles and a smaltidra of large, nearly macroscopic
aggregates were observed (Figure 4.4-3a). One eofallye aggregates is shown in SEM
image of Figure 4.4-4avhere it is seen that the aggregadormed by a fusion of large
spherical particles. In the composik, 3 a fraction of large aggregates has a higher
abundance compared to the compoRite Nanopatrticle size distribution of isolated pdesc

in the compositdR; differs from that in the composit, 3. While the composit®; contains
isolated particles with the mean size about 5 rompositeR, 3 consists of isolated particles
with the size of 9 nm. Thus it seems that initidhe aggregation of small (5 nm) particles
occursfollowed by aggregation of larger particles. Wititrieasing polymer concentration
(compositesR; 4 and Rj;), the small NPs that had been observed at low npely
concentrations almost disappeared and complexgul@e and branched aggregates were
formed. At the highest polymer concentratid®;)( small Au NPs are practically absent
having been transformed into aggregates (Figure3d)4 Compared with the aggregates
found in composites at the low polymer concentracompositeR;), the aggregates at the
high polymer concentration are smaller in size (Feg4.4-4b).

As a result, a question arises whether the obseolgects have been formed by
polymer-induced Au nanoparticle aggregation, orAoyNPs fusion. An ultrasound-induced
disintegration of Au nanoparticle aggregates embéddd poly[3,4-(ethylenedioxy)thiophene-
2,5-diyl] into individual NPs has been observed lbyet al.”* They concluded that-Tt
interactions between polymer chains attached toAineNPs are the main force stabilizing
their aggregates. Therefore, we exposed a DCMisalwf R; to ultrasound of a similar
frequency (at 40 kHz) for various times up to 45nmiHowever, any disintegration of
nanoparticle aggregates into smaller ones was heerged. This suggests that the Au
nanoparticle aggregates observed in TEM and SEMyesiaof compositeR are large
compact aggregates formed by fusion of Au NPs rdtien 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 comgaRit(a), R»3(b), R14 (¢) andR; (d) with
the Au/MEH-PPV ratio 7/1, 2.3/1, 1.4/1 and 1/1 pextively, and corresponding nanoparticles sizidigions
for the samples in which isolated nanoparticledabe distinguished.
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Figure 4.4-4.SEM images of Au NP aggregates for compodRe&a) andR; (b) with the Au/MEH-PPV ratio
7/1 and 1/1, respectively.

4.4.2.UV-Vis spectra of AuU/MEH-PPV nanocomposites
Important information about the actual state ofgibeymer and of the Au nanoparticle

assembly in the nanocomposites has been obtaied tfihe comparison of the UV-Vis
optical spectra of the nanocomposites and theistdaents (Figure 4.4-5). The main-chain
n—m* absorption band of MEH-PPV (Figure 4.4-5, blaolek) occurs at 500 nm. The SPE
band of the parent Au organosol is observed atrB2(Figure 4.4-5, inset) which indicates
the presence of small isolated Au NPs, in agreemvéhtthe TEM images (Figure 4.4-1).

The spectra of nanocompositdés (Figure 4.4-5a,M- red line; M, green line)
resemble that of the neat MEH-PPV. They only diffelan increased extinction in the red
spectral region outside the MEH-PPAL n* absorption band. The optical absorption at
longer wavelength increases with the increasingcéuntent. No distinct shoulders at 520 nm
attributable to the SPE band of small Au NPs arseolked in the spectra of both
nanocomposites ; andM ;. Only a slight broadening and a barely detectaddeshift of the
MEH-PPV 7 - n* transition band maximum (from 500 to 502 nm) Isserved forM;. The
longer-wavelength extinction up to the NIR regi@nde ascribed to the presence of larger
Au NPs and assemblies of Au NPs, for which a reft s the SPE has been observed
experimentally as well as predicted by calculatit6h$®® The volume fraction of Au iM1 is
only ca. 5 %, and hence the SPE band of Au NP$olagtensity compared with the strong
MEH-PPVz - n* transition band.

The UV-Vis spectra of nanocompositesprepared by am situ reduction of AuCf
salt in the polymer solution, Figure 4.4-5b) aldoow an increased extinction in the

wavelength regions typical of the presence of l&geéNPs and/or NP aggregates. While the
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Figure 4.4-5.Extinction spectra of (a) compositék; (red line) andv; (green line) with the Au/MEH-PPV
ratio 7/1 and 1/1, respectively; (b) composifRs (red line), R, 3 (blue line) andR; (green line) having
AU/MEH-PPV ratio 7/1, 2.3/1 and 1/1, respectivdfxtinction spectrum of Au organosol (inset of Fig-%a)
is shown for a comparison. The spectra were nope@lon their absorption maxima.

extinction of the composit®; above 550 nm gradually decreases (Figure 4.4€sbline),
only a constant elevated extinction backgroundbiseoved for compositR; (Figure 4.4-5b,
green line). For the composii, the extinction between 550 — 700 nm could cowedpto
the smaller aggregates of several Au NPs which waserved in the TEM image
(Figure 4.4-3a). Their number is much smaller tthenfraction of small isolated Au NPs and
thus they were not included in the size distributidhe extinction above 700 nm for the

108



Results and Discussion

polymer poor compositeR{) can be ascribed to the large macroscopic aggegdtich are
also present in the composite sample. For the ceitgp®;, the elevated extinction
background above 550 nm could correspond to theeggtes as well as to large, nearly
macroscopic compact aggregates which graduallyoagprthe extinction characteristics of
bulk gold. Such aggregates were found in the TEMges (Figure 4.4-3d). Moreover, the
spectra of the composites exhibit a pronounced Bhi& of then- n* absorption band
maximum compared with its position in the neat pady (500 nm): the maximum occurs at
478 nm for nanocomposite; (Figure 4.4-5b, red line), at 480 nm fBe 3 (Figure 4.4-5b,
blue line) andR; 4, and at 488 nm faR, (Figure 4.4-5b, green line). Such blue shift iatks
shortening of the extent of threelectron delocalization ir-conjugated macromolecufés It
means that MEH-PPV undergoes molecular structuamgds during the preparation of the

nanocompositer.

4.4.3.Stability of MEH-PPV in reference systems
An important question has arisen whether the oleseshortening of the conjugation

length of the polymer in composites type actually occurs prior to the addition of the
reductant, i.e. by interaction of the polymer wiitle AuCL/TOAB complex, or, alternatively,
during the subsequent reduction step. To elucittasepoint, time evolutions of the UV-Vis
spectra of reference systems containing (i) theicied agent (NaBkj) and the polymer and
(ii) the AuCl,/TOAB complex and the polymer have been recorded.

4.4.3.1. Stability of MEH-PPV after addition of NaBH 4
Addition of an aqueous solution of NaBkb a DCM solution of MEH-PPV both with

and without the phase transfer reagent (TOAB) ditl cause any change of the UV-Vis
spectrum of the polymer as well as of the moleculaight of the polymer (as obtained by
size-exclusion chromatography measurements) even 24 h treatment in the dark upon

vigorous stirring.

4.4.3.2. UV-Vis spectral study of reaction of MEH-PPV with the AuCl,/TOAB
complex

The AuClL/TOAB complex reacts with the polymer quite fasigufe 4.4-6a shows
the time evolution of UV-Vis spectra of referencgstem containing the AugIiTOAB
complex and the polymer with the AU/MEH-PPV rati@/2 together with spectra of the neat
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polymer and the AuGITOAB complex. The AuGI/TOAB complex itself has a strong
absorption band at 366 nm due to a metal-to-ligaratge-transfer transition. After addition
of the polymer having its optical absorption maximat 500 nm, the absorption band is
shifted to 494 nm. The spectrum is close to a snmgulperposition of the spectra of the
polymer and of the complex. With increasing timeiathe mixing, the absorption band of the
polymer shows significant band broadening, consider loss in the absorbance and a
pronounced blue shift of the main absorption bahd, maximum reaching 381 nm after a
24 h exposure of the polymer to AUCTOAB complex. The observed blue shifts are thus
compatible with those detected in the UV-Vis abforpspectra of the compositBs
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Figure 4.4-6. (a) Time-evolution of UV-Vis spectra of the refecenreaction system containing the
AuClI;/TOAB complex (black line) and the polymer (redeljrafter the mixing. (b) Time dependence of the
position of the MeH-PPV absorption band maximulm., during the reaction. The weight ratios ofAions
and MEH-PPV were from 7/1 to 1/1.
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Progressive blue shifts of UV-Vis absorption maxmmaf the polymer were observed
for all reference systems differing in the Au/MEIRP¥P ratio, as shown in Figure 4.4-6b. The
higher is the concentration of AuCWith respect to the polymer concentration theefiaahd
the more progressive is the blue shift, i.e. therelgse in the extent of the polymer chain
conjugation. Therefore, in our case, the most 8gmt changes occur for the reference
system with AU/MEH-PPV ratio 7/1. It is thus evidénat the presence of the AUCTOAB
complex in the polymer solution affects the conjiggalength of the polymer in both the
reference systems as well as in the composites Rypand this effect is both time- and
polymer concentration-dependent.

It should be noted that no similar perturbationtled conjugation length of polymer
chains by the AuGITOAB complex has been observed in the case oftiolphene§" 82
Zhai et al’* reported that an excess of TOAB prevents poly(@/ieiophene)s from
oxidation in the AuCJ/TOAB environment. However, we have found that wefld
stoichiometric excess of TOAB does not prevent MEPV chains from the damage.
Therefore, we examined the redox activity of theCARUTOAB complex towards MEH-PPV

by cyclic voltammetry.

4.4.3.3. Cyclic voltammetry
Cyclic voltammogram (CV) of the Au@ITOAB complex in 01 M

tetrabutylammonium perchlorate solution (TBAPC)DEM as a supporting electrolyte is
depicted in Figure 4.4-7a. Two oxidation peaks wvilie onsets at about 0.6 V and 1 V,
respectively, were observed. In the reversed dmecthe reduction peak with the onset at
about 0.2 V appeared. To be able to assign theslespge the redox processes which occur
during the preparation, we also examined CVs oA(@Ll,/TBAPC complex and (ii) AuGl
ITOAB complex with addition of five times higher aomt of TOAB compared to that in the
complex used for composite typepreparation (see Chapter 3.3. for sample prepaiafl he
CVs are shown in Figure 4.4-7b and c. For AUTBAPC complex, only one oxidation peak
with the onset at about 1 V was observed. Thus,ghak could be assigned to the oxidation
of CI' anions originating from Au salt (HAugl and bound in complex with TBAPC.
Formation of AuC{/TBAPC complex can be depicted by the followingctemn:

H[AUCI,] (ag) + 4TBAPC(DCM) — TBA'[AUCI4]" (DCM) + 3TBAPC(DCM) + HCIO, (ag)
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The voltammogram of the system with five times liglexcess of TOAB (Figure
4.4-7c) is similar to that one in Figure

4.4-7a but the peak with the onset at abo

0.6 V is more significant than the band witl 0.10
the onset at 1 V assigned to the oxidation

©
o
o

CI" anions. Since the peak at 0.6 V scale

Current [mA]

with the TOAB content, it can be assigne
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o
o

to the oxidation of Branions. These ions

can originate from the “free” TOAB which  -0.05
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The reduction peak with the onset ¢
0.2 V (Figure 4.4-7a) could originate in the =
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of redox potential of the Au@ITOAB 3
complex is substantially lower compare: . . . . '
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) ) . Figure 4.4-7.Cyclic voltamograms of (a) AugITOAB
halogen ions) complex ions in aqueousomplex, (b) AuGi/TBAPC complex and (c) Augl

. . /ITOAB complex with five times higher excess of
solution. The values of redox potent'al%OAB. All the measurements were performed in
corresponding to the reduction of [Auf] TBAPC/DCM supporting electrolyte.
and [AuBg]” complex ions are 0.68 V and
0.61 V vs. SCE (ref.), respectively. This shiftreflox potential of AuGI/TOAB complex

compared to those of [Aug}l or [AuBrs]” complex ions could be assigned to the presence of
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tetraoctylammonium cation. Since the respectivedaton peak is less pronounced, the
process is considered to be poorly reversible.

CVs of the MEH-PPV solution in DCM and P30T film acetonitrile were also
measured (Figure 4.4-8). Both polymers show braddation as well as reduction peaks.
Nevertheless, the onset of oxidation peak of MER-RP® 15 V, Figure 4.4-8a) is lower than
that of P30T (0.4 V, Figure 4.4-8b) and similarthe onset of reduction of Ali Therefore,
MEH-PPV can be oxidized by the AuCTOAB complex whereas P30T shows the stability
against oxidation by the AugITOAB complex.
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Figure 4.4-8.Cyclic voltamograms of (a) MEH-PPV solution in DCh) P30T film in acetonitrile.

4.4.3.4. Relation between molecular weight and UV-Vis specir of MEH-PPV during
reaction with the AuCl,;/TOAB complex.

The measurement of molecular weights (MWs) of MBPWPin reference system
during exposure to TOAB/Auglcomplex has shown that the observed blue-shiftéMrVis
spectra (Figure 4.4-6) result in the lowering oflecalar weight. In particular, the MW of
MEH-PPV in reference system decreased from 450f00€he pristine polymer to 319 000
after 90 min exposure to AuQITOAB complex. 24 h exposure of the polymer to
AuCl;/TOAB complex caused the decrease of molecular htetig 186 000. The original
deep orange-red color of the pristine polymer tdrieeyellow after the treatment. It indicates
that the AuCJ{/TOAB complex treatment resulted into a disruptadrthe T-electron system
accompanied by a significant decrease of moleocutaght. MWs of the polymer after the
exposure of MEH-PPV to the AugITOAB complex for 1 min and 30 min could not be
determined because of the insolubility after pri¢atn.

The observed decrease in the polymer molecularhveused by its interaction with

the AuCl;/TOAB complex is relatively low and does not expléie observed decrease in the

113



Results and Discussion

extent ofreconjugation (blue shifts in UV-Vis spectra). Tawedate the nature of the blue
shift in the UV-Vis spectra of the polymer in consie samples, optical spectra of various
fractions of the polymer were taken using SEC qoeipwith DAD detection. No blue shift
of the absorption band for the fractions with M\Wbab 30 000 was observed and a maximal
blue shift ca. 10 - 15 nm was detected only for-MW fractions (~ 16), which is only 1/10

of the spectral shift observed for the referencetesy after 24 h exposure to AUCITOAB
complex. This is in agreement with the publisheecswscopic studies on PPV oligomers that
showed that the dependence of the position ofthe” optical absorption peak on the
conjugated chain length tends to saturate alreadyshort oligomers as hexaméfs
Furthermore, we have examined a possible effethefpolymer oxidation with air oxygen
using the approach employed earlier for the ingastn of the stability of substituted
polyacetylenes®>*#* a dilute THF solution of MEH-PPV was exposed itim daylight and
the solution was periodically analyzed by SEC-DA® 6éne month. A partial oxidation of
MEH-PPV achieved after one month was found to camsadditional blue shift of ca. 10 nm
only. If we consider the synergy of both effectee sum of both shifts would be 20 - 25 nm,
which is fairly below the shift caused by the dase in the effective conjugation length of
the polymer caused by the AUCTOAB complex after 24 h treatment. Therefore, #&dve
insight into the nature of the changes which hageuoed in the polymer during the
composite typeR preparation had to be obtained through the empdoynof vibrational
spectroscopy.

4.4.4.Molecular spectra of MEH-PPV and its composites
4.441. FT-IR spectra

FT-IR spectra of neat MEH-PPV, MEH-PPV after theatment with AuGI/TOAB
complex and of the composité®; and R; are compared in Figure 4.4-9. IR spectra of
compositesM are not shown since they were found to be identigéh that of neat
MEH-PPV. All IR-active bands characteristic of MBEMRV, as reported by Scott et‘Hl. are
clearly seen in the spectra of all samples. Aftertteatment with AuGITOAB complex, the
changes are mainly observed in the regions 850 c&¥ and 1240 - 1350 cin Namely, the
peak intensity at 966 cm(vinylene -C-H out-of-plane bending) decrease@ feak at
854 cm' (aromatic C-H out of plane bending vibrations)ftsii towards higher wavenumbers
by 12 cnt, the peaks at 1252 ¢hand 1350 cr shifted towards lower wavenumbers by
14 cm® and 8 crit, respectively, and new peaks at 1096, 1608 an® Ln3' appeared.
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Similar spectral changes are observed for compRit@ndR;, only with smaller extent due
to the shorter time period for which the polymes haen exposed to AuGTOAB complex
prior to reduction. During the preparation of comipes typeR, the exposure time was much
shorter (10 min) compared to 24 h for the reactibMEH-PPV with AuCL/TOAB complex

shown in the discussion of FT-IR spectra.
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Figure 4.4-9.FT-IR spectra of neat MEH-PPV, MEH-PPV after 24rdatment with AuGI/TOAB complex
and MEH-PPV in compositd?; andR; with the AuU/MEH-PPV ratio 7/1 and 1/1, respectivélleasured from
powders.

One of the possible reactions that could occur BHYPPV upon the addition of the
AuCl,/TOAB complex is the chlorination of the vinyleneuble bond. In such case, the
change in the characteristic stretching vibratiérCeCl groups observed around 770 tm
should accompany the changes assigned to the d#formmodes of phenyl ring. Although
the C-CI vibration, which probably originates frothe polymer precursor used in the
synthesi&®, is observed in the spectrum of neat polymerjnitensity remains unchanged.
Hence, the observed changes in IR spectra do ratider a decisive evidence for the
proposed chlorination of polymer chains.

Better explanation of the IR spectral changes a@hbsethe reaction oftconjugated
polymer with AuCl would be the formation of the addition charge-fan complex
involving the polymer vinylene double-bond. Suchchmism can explain the pronounced
decrease in the effective conjugation length olexkrin the UV-Vis spectra while

simultaneously only a small decrease in moleculaight was detected. Furthermore, an
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oxidative degradation also takes place via a wativkn mechanism through the formation of
peroxidic dioxyethan groups that, in the next stegm partially result in a chain scission
forming carbonyl or aldehyde end-groups. In patéicuevidence of such process is provided
by the presence of weak 1608 tand 1732 cil bands in the FT-IR spectrum of MEH-PPV
treated by the AuGITOAB complex (Figure 4.4-9). In accord with réf.the 1608 cni

band is attributed to the asymmetric phenyl sewcutar stretch due to the formation of

carbonyls and the 1732 &nband to carbonyl stretch of an ester or carboxadid.

4.4.4.2. Raman and fluorescence spectra
Raman spectra of neat MEH-PPV, MEH-PPV treatedheyAuCl,/TOAB complex

and of nanocompositeR; and R; (Figure 4.4-10) were recorded using the 632.8 nm
excitation wavelength. Employment of this waveléngmabled to compare band intensities of
the studied samples without any interference afnmasce effects. All spectra show the bands

characteristic of para(phenylene vinylene), PPVtegmrted e.g. by Lefrant et &t 19

(see
Table 4.4-1). The spectra of nanocompodileare not shown in Figure 4.4-10 since they are
identical with that of MEH-PPV showing neither bamstiifts nor changes in relative

intensities of the bands.

vem®? [v[em?® | Assignment

1174 1110 C-C stretching + C-H bending of the phenyg
1330 1308 C=C stretching + C-H bending of the vigrgdup
1550 1550 C=C stretching of the phenyl ring

1586 1582 C-C stretching of the phenyl ring

1625 1622 C=C stretching of the vinyl group

Table 4.4-1.Wavenumbers (cH) and assignment of the most intense Raman modeB\¢f

obtained for para(phenylene vinylene) from thekaafrLefrant et al-®
b obtained for MEH-PPV from this study

Raman spectrum of the polymer after the treatmetit the AuClL/TOAB complex
(Figure 4.4-10, red spectrum) shows a significéit ®f the triplet to higher wavenumbers,
in particular the most intense band of the trigteind at 1597 cih is shifted by 15 cf
compared with the neat polymer. According to thevimusly reported studi€s 2 the
changes in the dominant triplet can be relatedht® ¢hanges in conjugation length of
MEH-PPV: when the conjugation length is reduced Hand at 1622 chincreases in

intensity with respect to that at 1550 ¢nand both bands are shifted to higher wavenumbers
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with the decreasing length of the effective configya It was reported that the shift of the
most intense band of the triplet for an oligomentaming one phenyl ring is 11 ém
compared to the position of this band in the spectof neat polymér>. Thus, the observed
shifts of triplet bands in the spectrum of the pody after exposure to the AuCTOAB

complex can be related to a decrease in conjugkgrgth of the polymer.
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Figure 4.4-10.Raman spectra of neat MEH-PPV (black line), MEH/R®ter 24 h exposure to AugITOAB
complex (red line) and compositBs (green line) andR; (blue line) with the Au/MEH-PPV ratio 7/1 and 1/1,
respectively.

Similarly to the spectrum of the polymer after tiheatment with theAuCl,/TOAB
complex, the triplet bands of nanocomposikesare also shifted to higher wavenumbers;
however, the shifts are less pronounced (1550 (NPEENO)— 1556 R7) — 1555 cnit (Ry);
1582 (MEH-PPV)— 1585 R;) — 1588 cntt (R,); 1622 (MEH-PPV)— 1624 R;) —
1624 cnmi* (Ry)). Several factors have to be taken into constiterdor the explanation of the
observed changes in Raman spectra of nanocompBs#iexe, besides the chemical changes
introduced during the NP preparation, the spectighttbe affected by the presence of Au
NPs or NPs aggregates. The shortening of the catiuglength which has been detected
also by UV-Vis spectroscopy (in chapter 4.4.2.)lddead to the observed shifts of Raman
bands. Moreover, the interaction of Au NPs or NBragates with the polymer chains could
also cause the shifts of the bands character@ticdnjugated system. Finally, the changes in
the packing of the polymer chains can be also takenaccount for the explanation of the
observed shift. For example, Safar et®atescribed a similar shift of the main triplet band
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freeze- and heat-dried samples of MEH-PPV/Si@re/shell nanocomposites. This shift was
assigned to denser packing conditions inside tm®steuctured silica shells which induce a
higher interchain interaction via aggregate sites.

The photoluminescence measurement could providerbeformation about the chain
packing since the emission spectrum of polymer eggfes is expected to be red shifted.
Therefore, we have measured fluorescence specitangposite sampleR; andR; and we
havecompared them with the spectrum of tieat polymer. However, we had observed just
opposite: small blue shifts in the emission spefasecitation at 500 nm) for theomposite
samples were detected. It appears that the obsehadjes in Raman spectra actually reflect
the shortening of the effective conjugation lengththe polymer during the composite
preparation. A meaningful comparison of the nedymer emission spectra with those of the
composites with respect to the polymer chain pagleffects is thus biased by the (far
stronger) effect of the polymer degradation in twenposite. Therefore, it is difficult to
evaluate the chain packing effects in compositepsagrfrom the interpretation of the Raman
and fluorescence spectra.

It can be concluded from the molecular spectroscgepidy that the AuGITOAB
complex causes molecular structure changes of MEM-fesulting in lowering the extent of
conjugation in polymer chains. As far as the prapan pathway to nanocompositBsis
concerned, these changes take place mainly amnttigl istage of the preparation until the
reducing agent is added to the reaction mixtureerdfiore, to avoid polymer degradation in
composite typdR preparation, it is necessary to add reductanbas as possible in order to
minimize the time for which the polymer is in corttavith the AuCi/TOAB complex.

4.4.5.Size-exclusion chromatography (SEC) analyses of dalved
Au/MEH-PPV nanocomposites
To obtain information on the intensity of interacts between Au NPs and polymer

chains and eventual changes in the molecular weight in the extent of conjugation of
polymer chains we carried out SEC analyses of tbsotved composites using an instrument
equipped with a diode-array UV-Vis detector.

The SEC records of compositels (with a low polymer content) ard ; (with a high
polymer content) are shown in Figure 4.4-11. Thalys®es have revealed a separation of the
nanocompositeM on SEC columns into two fractions. The first fraos were eluted

(retention time ca 17 min) before the upper exohisimit of used columns (MW 2 x 10)
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while the second fractions were eluted at longéenteon time of about 29 min. UV-Vis
spectra of these two fractions differ as shown igufe 4.4-12. UV-Vis spectrum of the
fraction at shorter retention time for composdite (Figure 4.4-12a) resembles the spectrum of
the unfractionalized Au organosol while for comped, (Figure 4.4-12c) the spectrum is
almost identical with that of the composhg; (Figure 4.4-5a, red line). UV-Vis spectra of
fractions at longer retention time for both compesM (Figure 4.4-12b,d) are similar and
resemble the spectrum of the neat polymer. Thezefoe can conclude that the first fractions
contain mixed assemblies of Au NPs while the seciadtions contain practically intact
MeH-PPV macromolecules.

It should be mentioned here that relative contefitthe Au-rich (shorter retention
time) and neat polymer (longer retention time) ticats depend on the time for which the
nanocomposite is in contact with THF. If the namoposite was injected to SEC system
from DCM solution, relative content of the firsa@tion was high, up to 25 %, and its UV-Vis
spectrum showed higher content of MeH-PPV. If theMDsolution was diluted with five
times excess of THF and allowed to stay for somme tirelative content of the Au rich first
fraction was lower and its spectrum showed decteasatent of the polymer and increased
relative content of Au nanoparticles. When the rangposites were dried, then redissolved
in THF and injected from this solution, the firgtadtion included practically only Au
nanoparticles. This behavior can be explained hyebsolubility of MEH-PPV in THF than
in DCM.

Surprisingly, the SEC measured molecular weightshef composite$ are lower
than that for neat MEH-PPV. For nanocompositg more pronounced decrease in MW of
the second fraction from 390 000 to 220 000 wasmes! in contrast with a decrease to
365 000 only for nanocomposié;. The observed small decrease in MW of the fregrpet
fraction compared to the parent polymer can beagetl as a result of partial fractionation of
polymer due to formation of joint assemblies with NPs: longer chains are more strongly
anchored in the assemblies. Composite with higher ddntent ;) showed more
pronounced decrease in MW of the second fractiacalme more polymer chains are in
contact with Au NPs compared td; with lower Au content. Also a partial oxidative
degradation by air oxygen comes into consideratimwever, the rate of degradation is
negligible, about at least two orders of magnitudever than that of substituted
polyacetylene$° 8" so that an effect of the polymer degradation an résults of its SEC

analysis can be neglected in the case of MEH-PPV.
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The molecular weights of purified nanocomposResould not be determined because
of their limited solubility, especially at high gmher concentration. It can be explained by
crosslinking of the polymer chains which was albseyved in the early stages of reaction of

AuCl;/TOAB complex and the polymer.

100 T T T T T T
——neat MEH-PPV | |
—— composite My

composite M4

Detector response [mV]

A 1 .
10 20 30 40

Retention time [min]

Figure 4.4-11.Chromatograms of compositdk; andM ; as well as neat MEH-PPV dissolved in DCM.
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Figure 4.4-12.UV-Vis spectra of compositel ; (a,b) andM; (c,d) obtained by HPLC instrument equipped with

a diode array UV-Vis detector. The spectra (a,d) @nd) correspond to the fractions characterizedhort and
longer retention time, respectively (see chromatogyrinFigure 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 stabilizetth WOAB. A quick replacement of

TOAB species with a polymer shell upon mixing the érganosol with a DCM solution of
MEH-PPV is improbable because of the strong intevamf Au NPs with Braniond’. This
possibility was examined by the analysis of surfateAu NPs embedded in the polymer
matrix using the EDAX method. The EDAX spectrumasfprepared, i.e. not precipitated
compositeM 7, is shown in Figure 4.4-13a. As can be seen, thace of Au NPs contains a
significant amount of Br atoms, which indicatesbgtzation of the NPs by the phase-transfer
reagent TOAB (the N peak is not seen because @b éotv atomic number of nitrogen). The
EDAX spectrum of the same nanocomposite after pitation and washing with methanol
(Figure 4.4-13b) shows absence of Br atoms on tiniace of Au NPs. This indicates that
TOAB has been successfully removed during the pitation due to its good solubility in
methanol and has been replaced by MEH-PPV whick toer the role of stabilizer. As
mentioned in the discussion of the TEM images (FEgd.4-2), Au NPs remain almost
unchanged in the final, polymer-rich nanocompodte while they undergo aggregation

and/or fusion into small compact assemblies irfitied, polymer-poor nanocomposiké-.

4.4.6.2. Discussion of Au NPs aggregates formation in nanoggposites R
In this preparative procedure, Au NPs are formethe presence of polymer which

also reacts with the Au@ITOAB complex. This means that Au nanoparticle seack

formed not only in the domains occupied by neavesa (polymer-free domains) but also in
domains occupied by polymer chains, in which seddsu NPs are created on account of the
oxidation of polymer. The observation that Au NBsnf large compact aggregates in the
polymer-rich systems while Au NPs in polymer-pogstems are small (Figure 4.4-3) proves
that large or fused NP aggregates grow in the pefychain domains while the small NPs in

the polymer-free domains.
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Figure 4.4-13. EDAX spectra of an Au NP aggregate in the;, composite determined (a) before the
precipitation in methanol and (b) after the preaifgon and redissolution in toluene.
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4.4.7.Conclusions - Comparison of nanoparticle morphology and optical
properties of AuU/MEH-PPV and Au/P30T nanocomposites

Au/7econjugated polymer composites type Mixing of Au NPs prepared in a separate
procedure with a solution agtconjugated polymer provides nanocomposites Mp@ which

the parent polymer remains almost intact as tmakecular weight and structure, and forms a
matrix in which Au NPs are distributed dependingtioa polymer concentration. Au NPs in
nanocomposites with P30T and MEH-PPV having Au/pdy ratio 1/1 are nearly identical
with those in the parent Au organosols. The paticre isolated and large aggregates do not
form (Figure 4.4-2b and 4.4.-9). At lower polymemncentration, larger Au NPs and small
aggregates consisting of several particles wereergbd in the Au/MEH-PPV composite
having Au/polymer ration 7/1 (Figure 4.4-2a). Extion spectra of these composites show an
intense absorption band of the polymer with a siheniin the long-wavelength spectral region
ascribed to the presence of Au NPs (Figure 4.4rBa4a3-6a).

Au/7econjugated polymer composites typeThein situ formation of Au NPs in the polymer
matrix provides nanocomposites tyBecontaining small isolated Au NPs in the composite
with P3OT (Figure 4.3-10) while large irregular eggpates are observed in the case of
composites with MEH-PPV (Figure 4.4-3d and 4.4-dtdjhe same Au/polymer ratios (1/1).
With decreasing polymer concentration in Au/MEH-PR&nocomposites, the fraction of
large aggregates decreases and, simultaneouslyrattteon of small NPs increases (Figure
4.4-3). At the lowest polymer concentration (comi@R7), small Au NPs with mean size of
about 5 nm are observed and only a small fractiolarge compact aggregates formed by
fusion of large Au NPs is present. Different morolgy of Au NPs was reported in Au/P30T
composites with varying polymer concentrafforin particular, nanoparticle aggregates were
not observed in Au/P30T composites containing similu/polymer ratios as were used for
AU/MEH-PPV composites in this study. Only the prese of larger Au NPs was reported
with increasing polymer concentration.

Extinction spectrum of Au/P30OT nanocomposite tiRpeesembles the spectrum of the
composite typeM (Figure 4.3-6). On the other hand, the pronourstett of the absorption
maximum of the polymer to shorter wavelengths waseoved for Au/MEH-PPV composites
(Figure 4.4-5b). Such blue-shift was ascribed ® ghortening of conjugation length of the
polymer®®. It indicates that a partial damage of the molecstructure of the polymer occurs

during the composite preparation due to an oxidatibthe polymer with the AugITOAB
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complex. In particular, oxidative degradation arainfation of addition charge-transfer
complex on the polymer vinylene bonds could leadtie shortening of the polymer
conjugation length, as confirmed by spectral andlicyvoltammetry measurements (in
chapters 4.4.4. and 4.4.3.3To avoid polymer degradation in the preparatdérAu/MEH-
PPV composites typR, it is necessary to add a reductant as soon abp®$o minimize the
time for which the polymer is in contact with th&@®l,/TOAB complex. In contrast to that,
polymer degradation was not observed in the préparaf Au/P30OT composites type
since the redox potential of P3OT is higher thaat tf the AuC//TOAB complex (chapter
4.4.3.3)).

In summary, the obtained results clearly show tiet morphology and optical
properties of Au NPs in Awmfconjugated polymer (P30T, MEH-PPV) composites are
substantially influenced by the type of the polynaed its concentration as well as by the

method and conditions used in the composite prépara
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5. Conclusions

Au nanopatrticles can be selectively fragmented lgh kenergy nanosecond laser
pulses of various wavelengths, depending on the uammf energy absorbed by a
nanoparticle. Irradiation of Au hydrosols contaminanoparticles of the mean sizes above
10 nm by laser pulses of 532 and 355 nm wavelergghses their size-reduction. The mean
size of the resulting particles is independent loa initial NP size, but it depends on the
wavelength of laser pulses and energy absorbdekihydrosols.

All particles in the parent sols (sizes above 10 msorb both pulses of 355 and
532 nm wavelengths; however, already formed smallN®s absorb effectively pulses of
355 nm wavelength, but not 532 nm. Indeed, the dsa@r containing 5 nm particles is
fragmented by laser pulses of 355 nm wavelengththeusize-reduction does not occur when
the hydrosol is irradiated by laser pulses of 582wavelength. At the latter wavelength the
particles have even a tendency to a very little &iiit observable growth during the
fragmentation.

The process of laser-induced fragmentation is cativé with increasing number of
subsequent laser pulses: for longer time of thgnfientation the threshold of laser fluence,
for which the shift in SPE maximum position is olvsdle, appears at lower laser fluence.

Fragmentation seems to be a possible pathway papgon of monodisperse sols of
small nanoparticles. These nanoparticles can béulute formation of 2D-assemblies.
However, the small size of nanoparticles prepargdtibs pathway does not lead to

observation of strong plasmonic phenomena.

The morphology and the related optical responsesetal (Ag, Au) NPs in the
composites withreconjugated polymers can be tuned by the choic¢hefrrconjugated
polymer and its concentration as well as by thehogkiand conditions used in the composite
preparation.

In Ag/PEEP-I composites, fractal aggregates witkirttaverage fractal dimension
D=19 £ 0.1 were formed at low polymer concentragi while at high polymer
concentrations loosely packed aggregates with largrparticle distances were observed.
The novelty of these results lies in the point tinattal aggregates can be formed also by an

action of the polymer which is unique for polymespecies. Polymer chains of the used
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Conclusions

PEEP-I are thus analogous to several monomerialaass since the charges of the polymer

reduce the electrostatic repulsion barrier betwasgacent NPs by similar way as monomers.
Localization of polymer chains in hot spots of fed@aggregates was documented by

very strong SERS signal which contributes to unu$nserse” dependence of SERS signal

on polymer concentration.

A significant difference between morphology of AndaAg NPs was found in
composites with P30T. While small spherical Au N\ese homogenously dispersed in these
composites, Ag NPs formed large intergrown aggesgathe difference in nanoparticle
morphology was explained by higher adsorption dffiof bromide ions originating from the
phase transfer agent used in the composite prépasab Ag NP surface compared with that
to Au NP surface.

In situ procedure (interfacial reduction of metal salthMdaBH, in the presence of
polymer, nanocomposites typy as well asnixing procedure (mixing metal organosols with
polymer solution, nanocomposites tyldg can be used for Au/P30T composites preparation
because both procedures lead to the same nandgantcphology. In the case of Ag/P30T
composites, it is more suitable to uskd situ procedure since it provides smaller NP
aggregates and small isolated Ag NPs compared rge lantergrown aggregates in the
composites typ#/.

SERS/SERRS spectral probing of Ag/P30T compositpe M and R enabled to
pinpoint the mutual difference in the polymer stanes encountered within each of them, in
particular the dominance of the disordered strectuthe composite typR.

The morphology of Au NPs in composites typavith MEH-PPV differs from that in
Au/P30OT composites. In particular, large irregudar nanoparticle aggregates are present in
AU/MEH-PPV composite typ&® while small spherical particles are observed inPROT
composites at the same Au/polymer ratio. On therdtland, in the Au/MEH-PPV composite
type M small spherical Au NPs were observed similarlyras\u/P30T composites of that
type. The difference between the two composReriginating from Au NPs and two
different=conjugated polymers was attributed to the effé¢he polymer on Au NP growth.
Au NPs in compositeR grow in the presence of particular polymer white-prepared Au
NPs are employed for composite ty{depreparation.

In thein situ preparative procedure of nanocomposite tgpeith MEH-PPV, Au NPs
are formed in the presence of the polymer which edsicts with the AuGITOAB complex.
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Conclusions

li is predicted that Au NP seeds are formed noy amithe domains occupied by neat solvent
(polymer-free domains) but also in domains occugiggolymer chains, in which seeds of
Au NPs are created on account of the oxidationadymer. Large or fused NP aggregates
grow in polymer-chain domains while the small NPgolymer-free domains.

In situ procedure causes a partial damage of the molesulasture of MEH-PPV. It
occurs due to polymer oxidation with the AWAIOAB complex since the onset of oxidation
peak of MEH-PPV is similar to the onset of reduatitf Au®** in the complex with TOAB.
Therefore, MEH-PPV can be easily oxidized with &&Cl,/TOAB complex. On the other
hand, P3OT exhibits the stability against oxidatwith the complex since the onset of
oxidation peak of P3OT is higher than that for MPRYV. To avoid polymer degradation in
the preparation of AU/MEH-PPV composites typét is necessary to add a reductant as soon
as possible to minimize the time for which the pady is in contact with the AugCITOAB

complex.
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6. Abbreviations

BDMT
cHBDT
CP(s)
CVv
DCM
DDA
DLS
DMAAB
DMF
DMSO
EDAX
EDOT
EM
FDTD
FRET
LSPR
MEH-PPV
MLWA
NP(s)
NC(s)
(O)FET
(O)LEDs
OPV
PBDT
PEDOT
PEEP-I
PT(s)
PVP3T
P30T
P2EPH
SEC

1,4-bis(mercaptomethyl)benzene

disodium 1,4-cyclohexane-bis(dithiocarbamate
conjugated polymer(s)

cyclic voltamogram

dichloromethane

discrete dipole approximation

dynamic light scattering

1,4-bis(mercaptoacetamido)benzene
dimethylformamid

dimethylsulfoxide

energy dispersive analysis of X-rays
3,4-ethylenedioxythiophene

electromagnetic

finite difference time domain methods
fluorescence (Forster) resonance energgferan
localized surface plasmon resonance
poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phdanevinylene]

modified long wavelength approximation
nanoparticle(s)

nanocomposite(s)

(organic) field effect transistors

(organic) light emitting displays
oligop-phenylene vinylene)

disodium 1,4-phenylene-bis(dithiocarbamate)
poly(3,4-ethylenedioxythiophene)
poly(N-ethyl-2-ethynylpyridinium iodide)
polythiophene(s)
terthiophene-functionalizedly(4-vinylpyridine)
poly(3-octylthiophene-2,5-diyl)
poly(2-pyridinium hydrochloride-2-pyridylasyglene)

size-exclusion chromatography
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SE(R)RS
SP(s)
SPE
SPPs
TBAPC
TEM
TDAB
THF
TOAB
2(3)-D

Abbreviations

surface enhanced (resonance) Raman suatter
surface plasmon(s)

surface plasmon extinction

surface plasmon polaritons
tetrabutylammonium perchlorate

transmission electron microscopy
tetradodecylammonium bromide
tetrahydrofuran

tetraoctylammonium bromide

2(3)-dimensional

Notations of sols and nanocomposites

Aul

Au2

Au3

Au4

Ag/PEEP-|
Ag/P30T
Au/P30T
Au/MEH-PPV
composite typé/
composite typ&

Au nanoparticle hydrosol containing 5 nm éets in diameter

Au nanoparticle hydrosol containing 11 nmtjgées in diameter

Au nanoparticle hydrosol containing 35 nmtigées in diameter

Au nanoparticle hydrosol containing 104 nirtigkes in diameter
nanocomposite system consisting of Ag BiRdr-conjugated PEEP-I
nanocomposite system consisting of Ag AlEP30T
nanocomposite system consisting of Au AiREP30T
nanocomposite system consisting of ARRskind MEH-PPV
prepared by mixing nanoparticle organosol withypar solution
prepared byn situreduction of metal salt with NaBHh the presence

of a polymer

AuCl;/TOAB complex AU* ions transferred into the organic phase (toluBX@)

due to TOAB
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