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1. Introduction

1. Introduction

Nowadays fluorescence spectroscopy is one of the dominant tools used in biomedical
research and has become a dominant method enabling the revolution in medical diagnostics,
DNA sequencing and genomics. The basic principles of fluorescence are well understood
including factors which affect the emission, such as quenching, environmental effects, resonance
energy transfer, and rotational motions. All these effects are used to study the structure and
dynamics of macromolecules and the interactions of macromolecules with each other.
Measurements of intensity, energy transfer, and anisotropy are also widely used in measurements
of DNA hybridization, drug discovery, and fluorescence immunoassays.

It is known that the proximity of a metallic object alters the radiative and nonradiative
rates of fluorescing species. This could be expressed in quenching (flat metal interface) or
enhancement of the emitted fluorescence (rough metal surface or metal particles). The aim of
this forward-looking work is to address the behavior of a fluorophore (or an ensemble of
fluorophores) in the vicinity of a metal surface, because defining and understanding of the
underlying phenomena is very important in all processes where a fluorescing dye is used with a
metal interface (solar cells, LEDs) and particularly in sensor applications.

The alteration of the fluorescence lifetime in the vicinity of a flat metal interface has been
studied in the past as the pioneering experiments were conducted by Drexhage et. al. In those
experiments a separation distance between the chromophore and the metal film was provided by
a multilayer sandwich built by the Langmuir-Blodgett deposition technique and as a
chromophore a phosphorescent Europium Chelate was used. The theoretical framework of the
impact of the nearby metallic surface on the excitation lifetime of the chromophore was
developed by Chance et. al. A perfect agreement between theory and experiment was found.

Chapter 4 of this thesis will present a new experimental approach for studying
fluorescing species excited by the surface plasmon field of the metal substrate. A well defined
multilayer architecture involving the relatively new layer-by-layer deposition strategy was
created thus providing precise experimental control of the separation distance between the metal
layer and the fluorescing dye. As a fluorescing molecule was employed a commonly used in
sensing organic dye, possessing directed transition dipole moment, much stronger oscillation
strength than the europium complex used in the past and thus putting our system much closer to
the real life in sensing and fluorescing microscopy. This chapter answers in a precise manner

how the fluorescence intensity changes with the separation distance between a metal layer and a
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fluorescing dye in Kretschmann configuration. The fluorescence intensity, the angular
distribution of the fluorescence and the photobleaching rate of an ensemble of fluorescing dyes
were experimentally determined and compared with that predicted by the theory. In addition the
problem was addressed on single molecule level. The applicability of our experimental and
theoretical model for studying other fluorescing species as Cd-Se nanoparticles is also
demonstrated.

After the assessment of the behavior of the fluorescing dye in the proximity of a flat gold
interface it was interesting to turn to more complex metal objects. It is know that in the vicinity
of metal particles or metal islands fluorescence could be enhanced orders in magnitude than in
planar system. The attention of the author was drawn to gold nanoparticles since they provide
several interesting features as finite size effect, curved interface, local plasmon resonance, size
and shape control. Though, research on gold nanoparticles dates at least from the work of
Faraday in the middle of the 19" century, today they are still of scientific interest due to their
potential in numerous applications as sensing, cell biology, electronics, photonics, catalysis, ect.
In chapter 5 the surface modification of citrate reduced gold nanoparticles by 2-mercaptosuccinic
acid will be presented. Series of comparative tests unambiguously demonstrated the success of
the surface modification and led to the novel method of synthesis of monolayer protected gold
nanoparticles with size above 10 nm, which is a lack in this field. Inspired of the potential of the
new system more detailed investigations were carried out, which resulted in the discovery of an
interesting aging effect and the synthesis of gold nanowires. In chapter 6.3. the synthesis in an
aqueous solution of long aspect ratio gold nanowires will be described for the first time. The
length of the gold wires is in the order of micrometers and the cross section down to 15 nm.

In chapter 6 a model system allowing for the study the optical response of gold
nanoparticles in the vicinity of a flat gold interface was constructed. The gold nanoparticles were
placed precisely at different separation distance to the gold substrate and their optical response at
wavelength range between 480 and 780 nm determined. This system could serve for the study of

fluorophores in the enhanced gap mode between the substrate and the gold nanoparticles.
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2. Basic concepts

This chapter is intended to give a basic idea about the theory behind the work presented
in this thesis. Fundamental theoretical considerations will be outlined. Reference literature

sources will be suggested for detailed description of the underlying phenomena.

2.1. Surface plasmons

2.1.1. Evanescent waves

One example for the existence of evanescent waves is the well known total internal
reflection of a plane electromagnetic wave between two interfaces with different refractive
indices, for example a glass slide with refractive index 7, in contact with an optically less dense
medium like air, with refractive index n, (n,=1, n;/>n;). The geometry is schematically depicted
in Fig. 2.1.a. If the reflected light is recorded as a function of angle of incidence, 6, the
reflectivity, R, reaches unity when one approaches the critical angle, €., for total internal
reflection. An closer inspection of the electromagnetic field distribution in the immediate vicinity
of the interface shows that above 6. the light intensity does not fall abruptly to zero in air, but
there is instead a harmonic wave travelling parallel to the surface with an amplitude decaying

exponentially normal to the surface. The depth of penetration / given by:

[ = 4 2.1.

) 2704/(n, -sin @)’ —1

and is found to be in the order of the wavelength of light. This type of waves is called evanescent

wave.l

2.1.1.1. Surface plasmon. Excitation of surface plasmon.

Surface electromagnetic modes can only be excited at interfaces between two media with

dielectric constants of opposite signs. So, here the interface between a metal with complex
dielectric function &, =¢, +ig, and a dielectric material &, =¢, +ig, is considered. At
specific conditions the evanescent wave penetrating through the dielectric/metal interface can
couple to the free electron gas in the metal thus exciting surface plasmon resonance.

In this work surface plasmons (SP) are excited by optical waves from a laser source. For

the excitation of surface plasmons, only the optical wave vector projection to the x-direction
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(parallel to the interface) kgh is the relevant parameter. For a simple reflection of a laser beam

(with photon energy heo , ) at a planar dielectric/metal interface, this means that by changing the
angle of incidence, €, one can tune kgh =k, -sin@ from zero at a normal incidence to a full
wave vector &, at a grazing incidence.

The so called coupling angle, at which efficient excitation of surface plasmon is possible,
is given by the energy and momentum matching conditions between optical waves and surface
plasmons. (See fig. 2.1.b.)

ko =K% =n, %sin@ 2.2.

where, k:p i1s the SP wavevector, k;h is the x - component of the wavevector of the incident

light, c is the speed of light in vacuum and @ is the angular frequency. Detailed description of the

. . . . . 2.3
evanescent wave optics and in particular surface plasmons can be found in the literature.”
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2.1.1.2. Prism coupling

In order the momentum matching conditions to be fulfilled the x - component of the
wavevector of the incident light should be sufficiently long. Among the developed methods to

increase the momentum of the light in order to couple to surface plasmons the most predominant
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techniques are prism coupling and grating coupling. Here only prism coupling in Kretschmann®
configuration will be addressed, since that way of SP excitation was used in the experiments.
Briefly, a thin metal film (approximately 45-50 nm thick) is evaporated directly onto the
base of a high refractive index prism or onto a glass slide, which is then index-matched to the
base of prism (Fig. 2.1.b). If the intensity of the reflected light is measured as a function of the
angle of incidence (&), first at a given angle (depending on the refractive index of the prism) the
angle of total internal reflection, 6., is reached. Below 6. the reflectivity is high because the
metal acts as a mirror. Above 6., when the momentum matching conditions are satisfied, a
relatively narrow dip (this will depend on the metal and the wavelength) in the reflectivity (at )

in fig. 2.1.b) indicates the excitation of surface plasmon.

@ 4 PSP?
___PSP!
w; — ¢ h o [Eates Figure 2.2. Dispersion relation, @ vs. kg, of
Ve = Pyl
ya Ve En " Ea plasmon surface polaritons at a metal/air and at a
4
7
g metal/dielectric layer/ air interface.
0 1 g
ksp ksp ksp
6, 0, o

The surface plasmon modes obey a known dispersion relation, @ versus k,,. This is
schematically depicted in fig. 2.2. The solid curve represents the dispersion of surface plasmons
at a metal (e. g. gold)/air interface (PSP’). The horizontal lines at e, intercepts the dispersion

curve at k and thus defines the coupling angle 6). (Equation 2.2.)

2.1.1.3. Tuning the environment of surface plasmons (dielectric layers).

A thin dielectric layer deposited on the gold layer will shift the dispersion curve to a

higher momentum SPS' (Dashed curve in fig. 2.2.).
1 0
k,, =k, + Ak, 2.3.
which according to equation 2.2 shifts the resonance to higher angle 6;. One example is shown in

fig. 2.1.b. From this shift and Fresnel’s equations one can calculate the optical thickness of the

coated dielectric layer.
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2.1.1.4. Transfer Matrix Formalism.

The transfer matrix method is a commonly used technique for the evaluation of the
electric and magnetic fields of a layered medium upon plane wave illumination.

This method will be illustrated by calculating the reflection and transmission of
electromagnetic radiation through a thin film surrounded by infinite media such this shown in

fig. 2.3. and described by:

Az
n n n
n,x <0, ! ? ?
n(x)=<n,,x<0<d, 2.4 A4, | 4,0 Ay | 45
ns,d <X, B, |B," B,| B; X
x=0 x=d

Fig2.3. A thin layer of dielectric medium.
where n;, n, and n; are the refractive indices and d is the thickness of the film. Since the whole
medium is homogeneous in z and y direction (i.e. on/0z =0) the electric field that satisfies
Maxwell’s equations has the form

E = E(x)e" ™" 2.5.
where /3 is the z component of the wave vector and o is the frequency. It is assumed that the
electromagnetic wave is propagating in the xz plane and it is further assumed that the electric
field is either a s wave (with E II y) or a p wave (with H I y). The electric field E(x) consists of a

right travelling (transmitted) wave and a left travelling (reflected) wave and can be written as
E(x) =Re ™ + Le™ = A(x) + B(x) 2.6.
where * k_are the x component of the wave vector and A(x) and B(x) are the amplitudes of the
transmitted and reflected wave, respectively. To illustrate this method it is defined: 4, = 4(07),
B, =B(07), 4, =A(0"), B,=B(0"), 4, =Ad"), B,=B(d"), 4, =Ad"), B, =B(d").If

one represent the two amplitudes of E(x) as column vectors, they are related by:

AN (A (4
=D Dy [ |=Dy )

Bl Bz Bz
A A i92() A

2= pz[ 2] = [e i j( 2} 2.7.
B, B, 0 e B,
A A. A.

= Dz_le 3 =D, 3 )
BZ B3 B3
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where D;, D, and D; are the dynamical matrices. P, is the propagation matrix, which accounts
for propagation through the bulk of the layer, and ¢ 1s given by ¢, =k, d.

The matrices D;, and D,; may be regarded as transmission matrices that link the

amplitudes of the waves on the two sides of the interface and are given by
l 1+kﬁ l 1_k2x l 1+n§k1x l l—ngklx
2 ki, ) 2 ki, 2 nik, ) 2 nik,,
Pl a1l k Pe=l 2\ 1 2
) [ D2 3 Bl I P2 _1_”5 Ix _1+n§ Iy
2 k) 2 ki, 2 nk, ) 2 nk,,

for a s wave for a p wave

2.8.

The expressions for D,; are similar to those of D;, except the subscript indices to be replaced

with 2 and 3. The last two equations can be written as

1
D, :L( ”12] 2.9.
ty \n,1

where t;, and r;, are the Fresnel transmission and reflection coefficients.

The amplitudes 4,, B,and 4, B, are related by

4 =D'D.P,D;'D 4, 2.10
- 1 242 2 3 ' . . .
B, B,

Column vectors representing the plane wave amplitudes are related by a product of 2 x 2
matrices in sequence. Each side of an interface is represented by a dynamical matrix, and the

bulk of each layer is represented by a propagation matrix. Such a recipe can be extended to the

case of multiplayer structures. If 4, and B, are the amplitudes in the last layer then

(AOJ:{MMMUJ A,; 211
B, M, M, B,;

and reflectance R and transmittance 7 are given by:

2
n,cos@ > n, cos&’n| 1 |
T= =

= 2.12.
n, cosd, ‘MH‘

n, cosd,

Details regarding the full mathematical treatment can be found in the literature.>
2.1.2. Plasmon resonance of small metal clusters.

In this section the optical response of small metal clusters due to interaction with light

will be addressed. The plasmon resonance is a size dependent phenomenon. Bulk metal reflects
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light whereas small molecular clusters do not show any kind of plasmon resonance. This is due
to the lack of quasi delocalised electrons that are necessary for the interaction with light. On the
contrary the electrons between metal atoms in small clusters are localised.

It is common to express the optical properties in terms of absorption and scattering cross
section G5 and Og,. Since there are no purely absorbing and purely scattering particles,
practically, it is considered an extinction cross section, which is the sum of both 6, and Gy, or
Gext— Oabs T Osca  In the simplest case of a spherical single sized metal clusters in the quasi-static
regime, where the radius is much smaller than the wavelength (R<<A), the resonance

wavelength or frequencies of plasma resonance will be related to the extinction cross section as:

o (0)=92c"V, £(@) 2 2.13.
c " Na@)+2¢,] +y(0)

here the wavevector is expressed as |k| = % , V= (4% )R3 is the particle volume, &, is the

dielectric function of the embedding medium, and &(w) is the dielectric function of the particle

material. The extinction cross section is due to dipolar absorption, only. Both the scattering cross

section, being proportional to qk|R)6 /|k|2 and higher multidipolar contributions, e.g. the
quadrupole extinction (~(]k|R)5 /|k|2) and quadrupole scattering (~Qk|R)lo /|k|2), are strongly

suppressed in this size region (R<<)).

The cross section defined by equation 2.12. has a resonance being at frequency where the
denominator [51 (w)+2¢, ]2 +¢&,(w)’ takes its minimum.

The position and shape of the plasmon resonance will depend not only on the size and
dielectric functions of the clusters and the surrounding medium. It will depend also on the shape
of the particles, aggregations, interactions with substrate etc. The electrodynamics of metal
clusters is quantitatively described by the Mie theory and can be found in the applied

8
references.”

2.2. Fluorescence

Luminescence is the emission of photons from an excited electronic state. Depending on
the nature of the ground and excited state luminescence is divided into two types. In a singlet
excited state, the electron in the higher-energy orbital has the opposite spin orientation as the
second electron in the lower orbital, the two electrons are paired. In a triplet state these electrons

are unpaired, their spins have the same orientation. Return to the ground state from an excited
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singlet state does not require an electron to change its spin orientation. A change in spin
orientation is needed for a triples state to return to the singlet ground state. Fluorescence is an
emission which results from the return to the lower orbital of the paired electron. Such
transitions are quantum mechanically allowed and the emissive rates are typically in the range of
nanoseconds. Phosphorescence is the emission which results from transition between states of
different multiplicity, generally a triplet state returning to a singlet ground state. Such transitions
are not allowed and the emissive rated are slow (from milliseconds to seconds).

Substances, which show significant fluorescence generally possess delocalised electrons
formally present in conjugated double bonds. More about the principles of fluorescence can be

found in the nice textbook of Lakowicz.”
2.2.1. Jablonski diagram
The absorption and emission of light is nicely illustrated by the energy-level diagram of

A. Jablonski'® and is shown in fig. 2.9. The ground, first and second electronic states are

depicted by Sy, S;, and S, respectively. At each of these electronic levels the fluorophores can

S, &7
i
| Internal
| conversion
i Fa— Intersystem
S v v \c‘rossing
Absorption T,
hv, |1
hv, Lok by
2 v f
S0 1 v v v

Figure 2.9. The Jablonski diagram.

exist in a number of vibrational energy levels, depicted by 0, 1, 2, etc. The transitions between
various electronic levels are vertical. The light absorption occurs instantaneous in about 107"

seconds, a time too short for significant displacement of nuclei (Franck-Condon principle).
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Following light absorption, several processes can occur. The fluorophore is usually
excited to some higher vibrational level of either S; or S,. Molecules in condensed phase usually
rapidly relax to the lowest vibrational level of S in about 10" sec. Since fluorescence lifetimes
are typically near 10™ sec, internal conversion is generally complete prior the emission. Hence,
fluorescence emission generally results from thermally equilibrated excited state.

Molecules in the S; state can also undergo conversion to the first triplet state Tj.
Emission from T, is called phosphorescence, and generally is shifted to longer wavelength
relative to the fluorescence. Conversion of S; to T; is called intersystem crossing. Transition
from T, to the ground state is forbidden, and as a result the rate constant of such emission is

several order of magnitude smaller than those of fluorescence.

2.2.2. Absorption and emission spectra — Stokes’ shift

A plot of fluorescence intensity vs. wavelength is called fluorescence spectrum. The
absorption and emission spectra of 1,1°,3,3,3°,3’-hexamethylindicarbo-cyanine iodide (DiIC1(5))
are shown in fig. 2.5. Except for atoms in vapour phase, one invariably observes shift of the
emission to a longer wavelength relative to the absorption. This phenomenon is caused by energy
losses between excitation and emission and was first observed by Stokes in 1852. One common

case for Stokes shift is the rapid decay to the lowest vibrational level of S;. Furthermore

=
o
1

°
®

2

g 0 excitation \

E | ~——— emission | Figure 2.5. Excitation and fluorescence
\

E 0.4 \ emission spectra of (1,1°,3,3,3,3"-
\

E 0.2- AN hexamethylindicarbo-cyanine iodide

2 -~

0.0- ~=  (DiICI(5)
500 550 600 650 700 750

wavelegth

fluorophores generally decay to excited vibrational level of Sy, resulting in further loss in
vibrational energy. In addition to these effects fluorophores can exhibit further Stokes’ shift due
to solvent effect and excited state reactions. Generally the fluorescence emission spectrum

appear to be a mirror image of the absorption spectrum. The symmetric nature of these spectra is

10
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a result of the same transition being involved in both absorption and emission, and the

similarities among the vibrational energy levels of Sy and S;.

Fluorescence lifetime and quantum yield.

The fluorescence lifetime and quantum yield are two important, frequently measured
parameters. The quantum yield is the ratio of the number of photons emitted to the number
absorbed. The fraction of fluorophores which decay through emission, and hence the quantum
yield, is given by:

r
I'+k

0= 2.14.

here I' and & denote the radiative emission rate and the nonradiative rate (both are shown in fig.
2.4.). and both depopulate the excited state. It is clear that that Q can be close to unity only if
k<<T'. Here, k denotes all possible nonradiative processes — Stokes’ shift, quenching, etc.

The lifetime of the excited state is defined by the average time the molecule spend in
excited state prior to return to the ground state.

1
T =
+k

2.15.

Since the fluorescence emission is a random process and only few molecules will emit

their photons at ¢ = 7. The lifetime is an average value of the time spent in the excited state.
2.2.3. Fluorescence anisotropy

Fluorophores preferentially absorb light whose electric field vectors are aligned parallel
to the transition moment of the fluorophore. The transition moment has a defined orientation in
the fluorophore. In an isotropic medium the fluorophores are oriented randomly. Upon excitation
with polarized light, one selectively excites those fluorophore molecules whose absorption
transition dipole is parallel to the electric vector of the excitation. This selective excitation of a
partially oriented population of fluorophores results in a partially polarized fluorescence
emission. The transition moments for absorption and emission have a fixed orientation within
each fluorophore, and the relative angle between these moments determines the maximum
measured anisotropy. The fluorescence anisotropy (r) and polarization (P) are defined by:

! o ! L

- 2.16.
I, +21,

11
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P:u 2.17.
I, +1,

where [, and [ are the fluorescence intensities of the vertically and horizontally polarized
emission, when the sample is excited with vertically polarized light. From the fluorescence
anisotropy the angle of displacement between absorption and emission dipole moment £ can be
found

2
r:3c0s ﬂ—l'
2

2.18.

Details regarding the experimental assessment of  will be described in Chapter 4.

2.2.4. Quenching of the fluorescence

Fluorescence quenching refers to any process which decreases the fluorescence intensity
of a given substance. A variety of processes can result in quenching. These include excited state
reactions, energy transfer, complex formation and collisional quenching.

Another type of fluorescence quenching will be addressed in this thesis. This is the
influence of a metal interface on the fluorescence emission of the fluorophore. Nearby metal
surfaces can respond to the oscillating dipole and modify the rate of emission and the special
distribution of the radiated energy. The electric field felt by a fluorophore is affected by
interactions of the incident light with the nearby metal surface and also by interaction of the
fluorophore oscillating dipole with the metal surface. Additionally, the fluorophore oscillating
dipole induces a field in the metal. These interactions can increase or decrease the field incident
on the fluorophore and increase or decrease the radiative decay rates. Detailed description of this
phenomenon can be found in the excellent reviews of Barns'' and Lakowicz'?. This problem will

be addressed in details in Chapter 4.
2.2.5. Energy transfer

Fluorescence energy transfer is the transfer of the excited state energy from a donor to an
acceptor. The transfer occurs without the appearance of a photon, and is primarily a result of

dipole-dipole interactions between the donor and the acceptor. The rate of energy transfer

depends on the extend of overlap of the emission spectrum of the donor with the absorption

12
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spectrum of the acceptor, the relative orientation of the donor and acceptor transition dipoles,
and the distance between donor and acceptor.
The rate of energy transfer from a specific donor to a specific acceptor is given by:

6
k, =i(ﬁj 2.19.

r

where 7, is the lifetime of the donor in the absence of acceptor, r is the distance between the
donor and acceptor, and Ry is the characteristic distance called Forster distance, at which the

efficiency of transfer is 50 %."
2.2.6. Photobleaching

Photobleaching occurs when a fluorophore permanently loses the ability to fluoresce due
to photon-induced chemical damage and covalent modification. Upon transition from an excited
singlet state to the excited triplet state, fluorophores may interact with another molecule to
produce irreversible covalent modifications. The triplet state is relatively long-lived with respect
to the singlet state, thus allowing excited molecules a much longer timeframe to undergo
chemical reactions with components in the environment. The average number of excitation and
emission cycles that occur for a particular fluorophore before photobleaching is dependent upon
the molecular structure and the local environment. Some fluorophores bleach quickly after
emitting only a few photons, while others that are more robust can undergo thousands or millions
of cycles before bleaching.

An important class of photobleaching events are photodynamic, meaning they involve the
interaction of the fluorophore with a combination of light and oxygen. Reactions between
fluorophores and molecular oxygen permanently destroy fluorescence and yield a free radical
singlet oxygen species that can chemically modify other molecules. The amount of
photobleaching due to photodynamic events is a function of the molecular oxygen concentration
and the proximal distance between the fluorophore, oxygen molecules, and other compounds.
Photobleaching can be reduced by limiting the exposure time of fluorophores to illumination or
by lowering the excitation energy. As it will be demonstrated in Chapter 4 the proximity of a

metal interface also can increase the photobleaching lifetime of the fluorophore.

13
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2.3. Excitation and emission rates of fluorescing dyes in the vicinity of a metal interface

In the following, the calculation of excitation and emission rates of fluorescing dyes in
the vicinity of a metal interface will be presented.

A sketch of the idealised sample geometry is given in Fig. 2.6. The same geometry was
used in the experimental study described in Chapter 4. A planar multilayer system is considered
consisting of an infinitely extended dielectric medium (a glass prism in the experimental

realisation) with a (frequency-dependent) dielectric constant €ism, @ gold layer with a thickness

a M
A %If
I/

AIr Ny

Fig. 2.6. Sketch the multilayered system

with a chromophore being placed at the
i interface between air and spacer layer.

y

F

c . . L
d, Polymer spacer Only one transition dipole pis indicated

‘dz Gold for clarity, definition of «aand yis

Glass X identical for absorption and emission

dipole

dgold (roughly 50 nm) and ggo1q, @ Spacer layer (Espacer, spacer) and air (&, = 1) filling the second
half space. The dye is located at an infinitely small distance from the interface between spacer
and air on the spacer side and assumed to be randomly distributed in the plane, additionally a
random orientational distribution is assumed. It is characterised by its nonradiative decay rate
Py, and by its absorption and emission dipoles, pex and pem. The orientation of the dipoles is
described by pairs of polar angle o and azimuthal angle W (Olex, Wex, Olems Wem), the angle Pemex
between ey and pem 1S a fixed quantity for a given molecule. A plane electromagnetic wave with
the excitation wavelength A is directed on the system under an angle 0. relative to the surface
normal from the glass side. Only TM (transverse-magnetic)-polarisation is considered here
because TE (transverse electric) polarisation does not couple to the surface plasmon and
therefore does not excite significant fluorescence. The emitted fluorescence with wavelength Aep
is collected in the plane of incidence at some angle 0., in either of the two half spaces ("through
prism" or "through air")

For a single dye molecule, the measured fluorescence intensity Ly is obtained as
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P
]sm = f)ex % 220
+ nr

rad ,tot
with P,, being the excitation rate, P, 4. the rate of photons emitted in direction of the detector,
P..q.0: the total electromagnetic decay rate and P,, the nonradiative decay rate.

The excitation rate P,, is calculated as

2

P, = 2.21.

p‘ex .Eex
with pey being the absorption dipole moment of the dye and E the electric field generated by
the exciting plane wave at the dipole position. Eex = Eex (Ocx, €prisms €gold> Espacers Eairs dgold, dair) 1S
calculated by a transfer matrix algorithm (see section 2.1.1.4.). The squared electrical field
strength at the dipole position parallel and perpendicular at different separation distance to a gold

layer are shown in fig. 2.7. The different contribution of both parallel and perpendicular dipoles

Figure 2.7. Calculated modulus squared of the

exciting electromagnetic field perpendicular

N 12__ to the sample surface (z-axis, triangles) and
N parallel to it (x-axis, squares) for different
N_. 8 spacer thickness, normalised to the electric
|_|__J>< i field amplitude of the plane wave incident on
47 the multilayered system. There is no electrical

| | | | field along y. The incident light has
20 40 60 80

g transverse- magnetic polarisation and Gex is
Spacer thickness / nm

adjusted for maximum electrical field.

is notable. At a very small separation distance (0-20 nm) the dipole parallel to the interface is
cancelled by its mirror image. Then its contribution increases till roughly 40 nm. In comparison
the perpendicular dipole has a very strong contribution to the overall picture close to the
interface, which gradually decreases with the separation distance.

For a dipole located in air, infinitely close to the spacer-air interface, the total
electromagnetic decay rate Prgior 1 calculated according to the model of Chance, Prock and
Silbey. '

P i ior = Praao ‘(lemmm '”:m )] 2.22.
Mo kg,

With P,.;0 being the decay rate of a dye surrounded by air only, k,; the modulus of the
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wavevector in air and Hem its emission dipole moment. Note that the expression in brackets is
independent of the magnitude of pem.

The back reacted field due to a dipole with some polar angle o, relative to the surface
normal at the dipole position, Ey,, is obtained as a linear superposition of the fields Ey;,para and
Ebrperp that are generated by dipole parallel and perpendicular to the surface plane which are
both parallel to the exciting dipole. The back reacted field is generated by the interaction of the
free field with the glass and the metal. This back reacted field performs work on the dipole,
which may enhance or suppress the emission.

Ey para i@, )

E, = 0 2.23.

br
Ebr,perp : Cos(aem )

thus
Ebr,pam ' Sin(aem ) ﬂem ’ Sin(aem )
. 2 2
Ebr ) l‘l’em = O : O = luem,O ) (Ebr,para ) Sln(aem ) + Ebr,perp ) Cos(aem ) )

Ebr,perp ’ Cos(aem) /uem ) Cos(aem )
2.24.

, these fields are calculated according to '

. ® 3
., J’dkp o (kp,em)

br,perp = TTm
472-80 gair 0 air,z
. ®© 2
_ l/uem jdk | kp,em ’ kair,z ’ rTM _ kp,em ’ (kair,z) ’ rTE 2 25
br,para ~ P . .
472—808(11'7‘ 0 2 2 : kair,z

With rpv and rrg being the amplitude of the reflected waves for the corresponding polarisations,
koem the projection of the wavevector in the sample plane and k., the projection of
the wavevector in air on the surface normal (z). These values hold for a dipole being diplaced
from the spacer-air interface by an infinitely small distance to the air side. They serve as a basis
to obtain the values for an infinite displacement to the spacer side, which is the geometry
relevant for our experiments (see Chapter 4). The values for chromophores inside the spacer are
obtained by multiplying the result for the perpendicular dipole by a factor of (sspacer)2 and the
result for the parallel dipole by a factor of 1'°.

The rate of the emitted radiation to reach the detector is obtained by application of the
reciprocity theorem'’. This theorem makes use of the reversibility of the propagation of light. It

allows for the calculation of the radiation emitted by an oscillating dipole in a certain direction

via calculation of the local electrical field generated by a plane wave incident from this direction,
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therefore reducing the problem to a calculation which is analogous to the determination of the
excitation rate. For this calculation, the appropriate wavelength of light (emission wavelength of
the chromophore) and the corresponding dielectric responses of the materials must be used.

Thus, the rate Pyaq4et of emission in the detector covering the solid angle €14 is obtained from the
two electrical field components E,, E;, produced by incident light with p-polarisation and E,

produced by an incident electromagnetic wave in TE - polarization.
4 [

3
P‘ad,det oC '.[dQ(Eem Pem )2 ~ Pm,O “n, de '(Eem “Mem )2 2.26.

Separate evaluation of the contributions due to TM and TE polarised light for the analysis of

polarised detection is straightforward.
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Fig. 2.8. Normalized emission rates for a parallel dipole (a) and a perpendicular dipole (b).
the total decay rate is indicated by the solid line, it is decomposed in contributions due to
radiation to the glass side (circles), to the air side (crosses) and the remaining rate not

leading to far field photons (squares).

In Fig. 2.8, The electromagnetic decay rates of a chromophore in the system studied here
are displayed as a function of spacer thickness. Three different contributions to the total rate,
namely photon emission to the air side, photon emission to the prism side and electromagnetic
decay without any emission of far-field photons can be distinguished. In the latter case, the
energy is dissipated in the gold layer. For a spacer thickness below roughly 20 nm, this decay
channel strongly dominates, leading to a steeply increasing total decay rate. For thicker spacer
layers, the emission of far field photons contributes significantly, with emission through air
becoming increasingly important for dipoles parallel to the interfaces while dipoles perpen-

dicular to the interface mainly emit via the prism at the intermediate distances displayed here.
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2.4. Colloidal systems

Since, in this work gold nanoparticles were subject of research, mentioning some basic
principles of colloidal systems is justified. It is clear that the diversity of colloidal systems, their
complexity and all forces interacting between surfaces can not be captured in just few pages.
Here only a brief outline of colloidal systems will be given and the main considerations of
stability of charged colloids will be described. A comprehensive description of colloidal systems

can be found in literature.'® "

2.4.1. Definition, structure and size of the dispersed species

In homogeneous solutions, there exists a mixture of distinct species that are intermixed or
dispersed as individual molecules. However, between pure bulk material and molecularly
dispersed solutions lies a wide variety of important systems in which one phase is dispersed in a
second, but in units which are much larger than molecular size or in which the molecular size of
the dispersed material is significantly greater than that of the solvent or continuous phase. Such
systems are generally defined as colloids, although there may be accepted limitations on the unit
size of the dispersed phase, beyond which another terminology may be used. To define colloids
more or less adequately one must consider two aspects of the system: structure — how the
component of the system are put together or mixed — and size — what the dimensions are of the
dispersed units in the system.

In general, a colloid is a system consisting of one substance (the dispersed phase: a solid,
liquid or gas) finely divided and distributed evenly throughout a second substance (the dispersion
medium or continuous phase: a solid, liquid or gas). Depending on the type of the dispersed
phase diversity of colloidal systems are known: emulsions, dispersions, foams, gels, aerosols,
micellar solutions, etc.

In terms of size of the dispersed units, the general definition refers to the dispersed phase
to be “finely divided”. Colloidal properties are usually exhibited by systems in which the size of
the dispersed phase falls in the range of 1-1000 nm, although those limits are far from rigid.

The common feature of all dispersed systems is the large interfacial area which exist
between the continuous and dispersed phase. As a consequence, 1) dispersions are
thermodynamically unstable, because the internal energy of the system is increased, 2) the

properties and stability of colloids are determined by the properties of the interfaces.
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2.4.2. Colloidal stability

Since in case of colloidal gold nanoparticles charged particles are concerned, here only
the main forces responsible for the stability of such system will be addressed.

In the case of charged particle there is an ionic atmosphere created around the interface of
the particle. This charged cloud is called electrical double layer (EDL). In a real colloidal system
thermal motions of the ions in the solution and the steric requirements lead to a finite amount of
space which could be occupied by the charges called Stern layer (fig. 2.9). The Stern layer is a
small space separating the ionic atmosphere near an interface, the diffuse double layer, from the
steric wall of the charged plane just adjacent to the interface. The thickness of the Stern layer, is
usually on the order of a few nanometers and reflects the finite size of charged groups and ions

specifically associated with the interface.

[ JOBSN

Diffuse double

Q O. OQ‘ layer

Stern layer

|'_|'++ + ++I| ‘Anion
Q Cation

According to the Debye-Hiickel approximation the electrical potential falls off exponentially

Figure 2.9. Schematic representation of the

electrical double layer.

with distance to the surface.
v =y, exp(—kz) 2.27.
where y is the electrical potential, z is the valence and x is the so called “Debye length”, which

is reciprocal of the thickness of the EDL. The equation for the double layer thickness is

1/2
KT
l:(—fog 2} 2.28.
K &; ZCizi

Here ¢,1s the dielectric permeability in vacuum or in free space, ¢ is the relative permeability of
the medium, c, is the concentration of electrolyte. One can see that the thickness of the EDL is

inversely proportional to the concentration of electrolyte and the square of the valence of the ions
involved. In terms of colloidal stability, this means that the distance between two particles that

can be maintained under a given set of circumstances will depend upon, among other things,
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those two factors. Their important effect gives one a handle for manipulating the characteristics
and stability of many colloidal systems.

It is important to understand how the EDL provides stability to a colloidal system. If first
the situation of two isolated, similarly charged particles with their associated EDLs is
considered, it is relatively easy to understand the basic concepts of the electrostatic stabilization
of colloids. In the context of (kinetic) stability, one can say that a system is stable so long as the
individual particles maintain their identities — as long as flocculation and/or aggregation do not
occur. In order for aggregation to occur, two particles must collide, and do so with sufficient
force that the collision will be effective or “sticky”. Therefore two primary criteria must be
considered in the discussion of colloidal stability: the number and frequency of particle collisions
and the effectiveness of those collisions.

As depicted in fig. 2.10. when two charged particles approach, the two charge clouds or
EDLs will begin to interact. Since the EDLs are of the same sign, their interaction will be
repulsive, leading to an increase in the electrical potential between the particles. In simple terms,
the EDL can be viewed as a spring between the two particles. As they approach, the spring is
compressed and develops a force pushing the particles apart. The magnitude of the repelling will
depend on the force constant of the spring (i.e. the magnitude of the EDL). The larger the

constant, the greater the resistance to mutual approach and the more difficult a sticky collision

<d__> Figure 2.10. The interactions between two
colloidal particles and its visualisation as two
.- blocks connected by a spring.
=T
© Q0
20
w O
Separation
distance
—> «— .4— —>
Large d - atfractive Equilibrium d - net  Close approach -
spring pull spring force=0 spring force is

repulsive

leading to flocculation. The interaction of the respective electrical double layers, therefore,
represents an energy barrier in the total interaction curve.
As the two particles approach, there will be two (at least) types of interaction: the

repulsive interactions just described and the relentless van der Waals attractive interactions,
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which make most colloids inherently unstable. The total interaction energy for the system under
consideration will be the sum of the two energies:

AG, . =~AG,, +AG,, 2.29.

totak

A simple and relatively good approximation describing the repulsive interaction forces is

derived by Reerink and Overbeek.

AG

rer

22 2
- Mexp{—KH) 2.30.

where H is the distance between spheres of radius @, B is a constant equal to 3.93x10¥A%y 2, z

is the charge of the counterion, e is the electrical charge, and

_exp(zey, /2kT)—1
exp(zey, /2kT)+1

2.31.

As pointed out earlier in this chapter the effective electrical potential of importance will be that

of the Stern layer y rather than that at the surface, v, .

If we now add the attractive interactions the total interactions will be:

AG,,, =

total

22 2
BT Y p(-ntl) - 1;[;12 2.32.
It should be clear that the key element in determining the height of the energy barrier
imposed by the EDL is the concentration and valence of the electrolyte in the system. An
increase in the electrolyte concentration reduces the repulsive electrostatic interactions, reducing

the energy barrier and facilitating effective particle collisions — the system is less stable.
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3. Sample preparation and measurement techniques

In this chapter the major sample preparation and measurement techniques that were used
for this work will be briefly outlined. The corresponding working recipes will be described in

details and results from the sample characterisation will be presented

3.1. Self-assembled monolayers

Self-assembled monolayers (SAM) are molecular assemblies that are formed
spontaneously by the immersion of an appropriate substrate into a solution of an active surfactant
(see for more details'). There are several types of self-assembly methods that yield organic
monolayers. This include organosilicon on hydroxylated surfaces (SiO, on Si, Al,O; on Al,
glass, etc.); alkanethiols on gold, silver and copper; dialkyl sulfides on gold; dialkyl disulfides on
gold; alcohols and amines on platinum; carboxylic acids on aluminium oxide and silver.

From energetic point of view, a self-

k Surface group .
assembling surfactant molecule can be
Alkyl or derivatized -
Interchain van der Waals al ¥ 2Kyl group divided into three parts (fig. 3.1). The first

electrostatic interactions

— —> part is the head group that provide the most

exothermic process, i.e., chemi-sorption on

Chemisorption at the

Surface -active headgroup surface the substrate surface. The very strong

A_/ molecular-substrate interactions result in an

apparent pinning of the head group to a

Figure 3.1. A surfactant molecule. specific site on the surface through a
chemical bond. This can be a covalent Si-O bond in the case of silanes on hydrohylated surfaces,
a covalent Au-S bond in the case of alkanethiols on gold; or an ionic -CO,"Ag" bond in tha case
of carboxylic acids on AgO/Ag. As a result of the exothermic head group-surface interactions,
molecules try to occupy every available binding site on the surface, and in this process they push
together molecules that have been already adsorbed.

The second molecular part is the alkyl chain. Van der Waals interactions are dominant
along a simple alkyl chain. Only after the molecule is chemisorbed the formation of a closely
packed monolayer can start.

The third molecular part is the terminal functionality which can be just a methyl group or

whatever functional group (amino, carboxylic, etc.).
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In this work two types of self-assembly methods were used - 3-Aminopropyltriethoxy-
silane (3-APTES) on silicone oxide and 3-Mercaptopropionic acid (MPA) on gold.

MPA was self-assembled on a freshly prepared gold surface as the substrate was
immersed in a 0.03 M Milli-Q water solution of the thiol for one hour. Then the substrate was
carefully washed with water in order to remove all unbound thiol. Thus prepared surface carries
carboxylic groups. In water the carboxylic groups are dissociated and the surface is negatively
charged.

3-APTES was self-assembled on silicon wafer and glass. The wafers were first carefully
cleaned with surfactants and water. Then the surface were activated in a mixture of HO, : NHj :
H,O (1 : 1 : 5) for 30 minutes at 80 °C. Two means of self assembly were used. 1) The substrates
were immersed for 1 hour in a 0.1 M Milli-Q water solution of 3-APTES. Then washed with
water, dried with nitrogen and put in an oven for one hour at 120 °C.” The layer of 3-APTES
self-assembled this way is rather rough with a domain structure (proved by AFM). 2) The
second approach was the deposition of the silane from the vapour phase. The wafers were
carefully dried and then placed in a sealed container in the presence of 3-APTES. Then the
container was put in an oven at 130 °C for 3 hours. After cooling the wafers were washed first
with ethanol and then with water for the removal of all not chemically bound silane. This way of
preparation provides a smooth monolayer of 3-APTES on the surface. Such samples were used
as a substrate for the layer-by-layer deposition of PSS/PAH for small angle X-ray reflectivity.
Silanes in general provide a three dimensional network. Each silane molecule is bound with one
Si-O bond to the surface and other two Si-O bonds to two neighbouring silane molecules. 3-
APTES provides a surface with NH, functional groups which in water are dissociated and the

surface is positively charged.

3.2. Layer-by-layer deposition

The so called layer-by-layer deposition technique falls into the category of template
assisted assembly. Template assisted assembly is much faster than self-assembly/chemical
modification cycles whose outcome is often uncertain and difficult to predict. For the layer-by-
layer assembly, it can be tailored to even allow multimaterial assembly of several compounds
without specific chemical modification, thus giving access to multilayer films with complex
properties and functionalities.

Layer-by-layer deposition is an environmentally friendly (it is conducted in aqueous

medium), simple and ultra-low-cost technique. The materials can be small organic molecules or

24



3. Sample preparation and measurement techniques

organic compounds, macromolecules, biomolecules, colloids, nanoparticles with various shapes
and from diversity of materials. The technique can be applied to solvent accessible surfaces of
almost any kind and any shape.

A comprehensive summary of layer-by-layer deposition technique and its diversity of
applications is the excellent book of the father of layer-by-layer deposition technique Gero
Decher.’

In the following the layer-by-layer deposition of polymers and gold nanoparticles with

the corresponding conditions of assembly will be described.

3.2.1. Layer-by-layer deposition of polyelectrolytes.

1 _ Figure 3.2. Schematic represen-
1. Polyanion

) 2. Wash tation of Layer-by-Layer deposition

process.
(picture from G. Decher., SCIENCE
1997, 277, 29)

Layer-by-layer deposition is a simple process based on the attractions of opposite
charges. So in order to build a multilayered system one needs only two oppositely charged
polyelectrolytes. The process of multiplayer build-up is depicted in fig 3.2. It works as follows:
If the substrate positively functionalised for example first it is immersed in a solution of
negatively charged plyelecrtolytes for certain time. Then it is washed with water. The charge on
the surface in inversed and it is immersed in a solution of the other polyelectrolyte (the positively
charged one). Then it is wash with water again. The charge on the surface is inversed again.
Repeating these steps in a cyclic fashion it is possible to build as many layers as needed.

In the work presented here polyallylamine hydrochloride (PAH), molecular weight of 70
000 bought from Aldrich was used as a positively charged polyelectrolyte. Polystyrenesulfonate
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sodium salt (PSS), molecular weight of 70 000 bought from Aldrich was used as a negatively
charged polyelectrolyte. The assembly process was carried out at the following conditions: Both
polyelectrolytes were adsorbed from aqueous solutions containing 0,02 monomol/l polymer
(monomol refers to the molar concentration of monomer). 0,001 mol HCl was added to both
polymer solutions. Salts were also added to the solutions, MnCl, for PSS and NaBr for PAH, 0.5
and 2 M concentrations, respectively. The substrate was immersed sequentially into both
solutions for 20 minutes at room temperature, washed with Milli-Q water after each step and
dried. The deposition was started with PAH or PSS depending on the initial charge of the
substrate surface (positive when the surface is modified by 3-APTES and negative on a 3-MPA
modified gold surface).
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Figure 3.3. a) Small angle X-ray reflectivity spectra of samples composed of 1 — 2 bilayer. 2 — 5
bilayer and 3 — 7 bilayer. The thicknesses obtained are 7.4 nm, 29.7 nm and 46.5 nm
respectively. b) growth of the thickness is plotted as a function of the number of bilayer.

Small angle X-ray reflectivity was measured in order to obtain information about the
thickness of the obtained polyelectrolytes multilayer systems. Fig. 3.3.a shows the X-ray
reflectivity spectra of 2, 5 and 7 bilayer PSS/PAH deposited on a silicon wafer premodified by a
self assembled monolayer of 3-APTES. The thickness of the silane layer was measured by
ellipsometry to be 1 nm. The plot in fig. 3.3.b represents the thickness as a function of the
number of bilayer. The dependence is linear after the deposition of the second bilayer. The

thickness of one bilayer is 9 nm while the first two bilayers are a little thinner.
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The surface of the polymer layers obtained by this recipe is very smooth. The average
roughness on the surface of the layers obtained from the X-ray reflectivity spectra was below 1
nm. More interesting for the current research was the surface peak to peak roughness. This
information was obtained by AFM. Fig. 3.4. shows an AFM image of the surface of a PAH/PSS
multilayer system composed of 6 bilayer which was deposited on template stripped gold (TSG).
It clearly seen that the maximum height (peak to peak) of the roughness on the surface is about

2 nm.
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Figure 3.4. AFM image
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Multilayer system build in the way described above can be terminated by either PAH or
PSS and consequently can carry positive or negative charges. In the research presented in this
book fluorescing dyes 1,1',3,3,3',3'- hexamethylindodicarbocyanine iodide (DilC(5)) possessing
positive charges in water were deposited on a negatively charged surface of PSS. Gold
nanoparticles carrying negative charges on the surface were deposited on positively charged
surfaces of PAH or 3APTES. More details will be given in the next sections. (Section 4
regarding the deposition of DilC,(5) and Sections 5 regarding deposition of gold nanoparticles).

3.3. Template stripping of gold from Mica

Template stripping of gold from Mica is a method for the preparation of ultrasmooth gold
surfaces described for the first time by Wagner in 1995.% It is based on making profit of the
atomically smooth Mica surface.

The process of preparation template stripped gold consists of a sequence of steps depicted
in fig. 3.5. First, a mica sheet is cleaved. The fresh mica surface is atomically smooth and clean.
Then it is put into an oven at 650 °C for one minute. This process serves for the removal of

moisture from the surface, which could cause defects in the gold film. As a next step a thin gold
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layer is thermally evaporated on the fresh mica surface. This mica/gold compound is then glued
with the gold side to a clean glass slide. The glue (Epotek 377) has the same refractive index as
the glass. As a final step this Mica/Gold/Glass composite is immersed in THF for about 10
minutes. This solvent reduces the adhesion between mica and gold without affecting the glue.
Then the mica sheet is separated. The surface of a gold layer prepared in this fashion is very
smooth as can be seen in fig. 3.5. The AFM measurement revealed that the maximum height
(peak to peak) roughness on the surface is below 0.5 nm.

Template stripping of gold can be also prepared from silicon wafer. The roughness (peak
to peak) is about 1.3 nm but the process is simplified. The silicon wafer is just mechanically
separated from the gold film glued on glass slide without using any solvents.

The importance of TSG for the study on fluorescence intensity near gold layer will be

presented in section 4. Moreover TSG turned out to be very useful in studies on lipid bilayers.’

1. Cleaved Mica

2. Evaporation of Gold by thermal
evaporation

.00 0.8 nm

3. Covering with epo-tek 377

.00 0.4 nm

4. Gluing onto a glass BK 7

0.0 nm

|

5. Removal of the Mica by soaking in
THF

Figure 3.5. Left — The process of template striping gold from mica depicted step by step.
The AFM image on the right shows the surface of the gold layer prepared in such fashion .

3.4. Preparation of colloidal gold nanoparticles.

Among the numerous methods for the production of gold nanoparticles by chemical
routes is the citrate reduction method.

Citrate reduction of gold chloride in water is a well-documented method for colloidal
gold nanoparticles preparation, which produces nano-sized gold particles with a narrow size
distribution.* ” These particles are well-dispersed in water by obtaining negatively charged

surfaces from adsorbed ionic species from the reaction mixture. However, due to the complexity
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of the adsorbed surface layer and its liability to medium changes, it is difficult to draw a clear
picture of the detailed surface structure of individual particles.

The synthetic procedure is as follows: in a 500 ml 2-neck round bottom flask, 300 ml of a
0.01 % solution of HAuCly are brought to boiling under refluxing and stirring, then 10.5 ml of
1% trisodium citrate in water is injected quickly. After the color transition in the first 3 to 5
minutes, the mixture is kept boiling for another 20 minutes. The heating source is removed, and
stirring is kept until the solution cooled down to room temperature. The colloidal suspension
prepared this way had a conductivity of 380+20 uS/cm, an initial pH of 6.0+0.3, and a mean
particle size of 1942 nm as determined by scanning electron microscopy (SEM).

A characteristic of all gold colloids is the color which can vary between light red via
purple-red to bluish-red. This effect is caused by a plasmon resonance, quantitatively described
by the Mie theory, as already mentioned in chapter 2.1.1. The wavelength of plasmon resonance,
in the case of gold usually in the region of 500-600 nm, depends on the size of the particle and
on the shape and the dielectric properties of the surrounding medium. A spectrum of a colloidal

solution of gold nanoparticles with size of about 15 nm is shown in fig. 3.6.
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3.5. Other sample preparation techniques

Thermal evaporation of metals and spin coating were also used in sample preparation.
Substrates of glass and silicon wafer were cleaned by ultrasonication. For purification dialysis

and a method of dissolution and selective precipitation of polymers were used.
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3.6. Surface plasmon fluorescence spectroscopy (SPFS)

In this section the set up for surface plasmon fluorescence measurements will be
described since it was the most commonly used analytical technique used in the research
described in this thesis.

Fig. 3.7. shows the basic components of SPFS set up. In the common case a laser beam is

directed to the sample. Before reaching the sample the beam is guided through a number of

1 2 34 56

10 11 12 13 N\,

Figure 3.7. Surface Plasmon Fluorescence measurement set-up: 1 — HeNe laser (633 nm), 2 —

chopper, 3 — plarizer for control of the intensity of the laser beam, 4 — polarizer for control of
the polarization of the excitation light, 5 — line filter 633 nm, 6 — aperture for alignment of the
incoming and reflected beam, 7 — lens, 8 silicon photodiode, 9 — prism, 10- sample, 11 —
polarizer for control of the polarization of the collected light, 12 — notch filter (633 nm), 13 - line
filter (670 nm), 14 — photomultplier tube, 15 — goniometer for rotation of the sample, 16 —

goniometer for rotation of the photodiode

optical elements. A chopper (2) is used to set the reference frequency thus the frequency of the
periodically modulated laser light can be separated from all other frequencies. Then the beam
passes through two polarizers. It has been mentioned earlier that only p-polarized light can excite
surface plasmon resonance. Polarizer (4) is used to select the polarisation and by (3) the
excitation intensity is regulated. The line filter (5) is used to select only the desired wavelength.
The apertures 6 serve for facilitating the alignment of the excitation and reflected light.

The sample is attached to a sample holder, which is mounted to a rotation stage

consisting of two goniometers. Goniometer (15) serves for the rotation of the sample holder thus
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3. Sample preparation and measurement techniques

setting the angle of incidence (0ex). The second goniometer serves for the movement of the
detector (8) at an angle O.n,. In the general case detector (8) (a silicon photodiode) is used for
collection of the reflected laser light at an angle of 20..

In case of performing fluorescence measurements the emitted fluorescence is collected by
a photomultiplier tube (14). Filters for cutting the laser light (12) and another one for selecting
the emission wavelength (13) are used. A polariser (11) can be also mounted for selecting the
polarisation of the light reaching the PMT.

Modifications of the instrument were done for conducting several kinds of experiments,

which will be described in section 4 and 6.

3.7. Other measurement techniques

A number of other analytical tools were used in order to make this research possible.
These are Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), Fourier
Transform Infrared Spectroscopy (FTIR), Small Angle X-ray Reflectivity, Transmission
Electron Microscopy (TEM), UV-visible spectroscopy (UV-vis), Contact Angle, Raman
Spectroscopy, Scanning Tunnelling Microscopy (STM), Dynamic Light Scattering, Fluorescence
Spectroscopy, Confocal Microscopy. Details about these analytical techniques will not be given

here since they are well known and well described in the literature.
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4. Fluorescence at a plane metal dielectric interface

4. Fluorescence at a plane metal dielectric interface

A nearby metallic surface significantly influences the absorption and emission properties
of a fluorophore placed in its vicinity. These effects must be always taken into account if
fluorescence-related methods are applied to study objects close to a metal surface. Firstly, the
excitation rate is altered via changes in the local strength of the electrical field. This field
enhancement may vary over several orders of magnitude upon changing the experimental
geometry due to surface plasmon excitation." Secondly, the metal introduces both additional
electromagnetic decay channels, dissipating energy in the metal and alters the free-space
radiation rate in a nontrivial way. Thirdly, if the metal layer is thin enough (thickness in the order
of 50 nm), the radiation emitted through the metal is polarised and concentrated into a narrow
angular range due to intermediate excitation of a surface plasmon.” > *>

Some of the effects that influence molecular fluorescence close to a metal surface has led
to the development of new experimental techniques and therefore found its way to applications.
One example is the utilisation of the localised and highly amplified surface plasmon field for
sensing® where a sensitive detection of the adsorption of fluorescence labeled biomolecules to a
gold interface was demonstrated. Even single molecule detection in the vicinity of a metal
surface has been found’, although quantitative interpretation has led to some discrepancies to the
theoretical predictions®. As a consequence, a complete understanding of the relevant processes is
expected to contribute to the further development of optimised experimental strategies.

In this study, the chromophore DilCi(5) was used, a dye often employed in fluorescence
microscopy while most earlier studies utilized phosphorescent europium complexes. This
chromophore has a much lower oscillator strength than typical organic dyes and does not possess
transition dipole moments with defined directions which is of great importance for the excitation
and emission characteristics of organic dyes as was demonstrated by single-molecule
experiments on a purely dielectric interface.” '* '

The scope of this work is to present a careful comparison of measured data with the
classical theory, taking into account the physical properties of the chromophore that must be
known for a quantitative evaluation of experimental results.

In the following the fluorescence intensity, the angular distribution of the emission and

the protobleaching rates were measured and compared with the theory. In addition the problem

was addressed on a single molecule level.
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4. Fluorescence at a plane metal dielectric interface

4.1. Experimental and theoretical evaluation of the fluorescence intensity emitted from an

ensemble of fluorescing dyes

A considerable number of experimental investigations on the influence of a nearby metal
layer on fluorescence emission were carried out, though, most quantitative studies concentrated
on the changes in excited state lifetime because this quantity, being only influenced by changes
in the emission process, requires less modelling in order to be compared to theory but gives less
detailed information about the emission channels.

121314 "excited state lifetimes at very

Following the pioneering experiments of Drexhage
small distances from the metal were investigated as well as the additional effects that come into
play when the thickness of the metal layer is finite'’. Careful investigations on the influence of
the direction of excitation and detection have been performed on a dielectric-air interface.'®

Intensity measurements were used to access the enhanced excitation efficiency when
surface plasmons are excited on a thin metal film in the Kretschmann-configuration. There, it
was qualitative discussed that the enhanced fluorescence emission upon excitation of the surface
plasmon resonance is due to the enhanced electric field strength. To our knowledge no full

quantitative analysis of measured intensities from an ensemble of molecules was published upon

variation of the distance from a metal surface as well as the directions of excitation and emission.

4.1.1. Materials and methods

For the experiments it is crucial to obtain multilayered samples where the roughness of
the relevant interfaces (metal/spacer) and (spacer/air) is small compared to the lengthscales to be
studied experimentally which are in the order of 10 - 80 nm. An ultrasmooth gold surface was
prepared by the method of template stripping: Gold is evaporated on freshly cleaved mica
(ASTM V-2, S&J Trading) then the coated side is glued (Epotec 377, Polytec) on a glass slide
(BK7, Menzel). Subsequent removal of the mica after 1h immersion in THF (Riedel-deHaen,
99,9%) leaves a gold surface with a roughness below 1 nm peak to peak as verified by atomic
force microscopy (AFM). Details are given in Chapter 3.3.

The spacer layer is built up by alternating deposition of polyelectrolyte layers of opposite
charge. The model sample is depicted in fig. 4.1
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4. Fluorescence at a plane metal dielectric interface

Figure 4.1. The experimental approach.

<«— Gold Multilayer system of poly-electrolytes is
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'Q PAH MPA. The fluorescing dye is electrostatically
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d - varies
U
[7,]
(7]

PSS. The distance between the fluorescing

oo 0,0\0 ® dye and the gold interface can be altered by
Dye the number of PAH/PSS layers.

First, the freshly stripped gold surface is functionalized by 3-mercaptopropionic acid
(Aldrich), providing negative charge on the surface due to deprotonated carboxylic groups.
Alternating immersion of the sample in an aqueous solution of Poly(allylamine) (PAA, Aldrich,
Mw=100000) and Poly(styrenesulfonate) (PSS, Aldrich, Mw=70000), finishing with PSS, leads
to a negatively charged surface. As described in Chapter 3.2., Manganese Chloride (Merck,
99%) and Sodium Bromide (Aldrich, 99+%) were added to the solutions of PSS and PAH
respectively in order to adjust the ionic strength. In a last step, the sample was immersed in an
aqueous solution with a concentration of 10° Mol/l of the Chromophore (1,1°,3,3,3”,3’-
hexamethylindicarbo-cyanine iodide DilC;(5), Molecular Probes, maximum excitation at
Aex=638nm, maximum emission at Aey, = 670 nm. The structural formula of the dye and its
absorption and emission spectra are shown in fig. 4.2. The roughness of the resulting surface was

again investigated by AFM and found to be below 3 nm peak-to-peak.
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Figure 4.2. The chemical structure with the excitation and emission spectra of the
chromophore.
Independent thickness information was obtained by small angle X-ray reflectivity (using

copper K, radiation). Reference samples for X-ray reflectivity measurements were prepared by
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4. Fluorescence at a plane metal dielectric interface

functionalizing a Silicon waver (CrysTec) with 3-Aminopropyltriethoxy-silane (Sigma, 98%)
following the procedure described in Chapter 3.1. and proceeding as with the gold surface.

Optical characterisation of the sample was carried out in a setup as depicted
schematically in Fig. 4.3. The sample is attached to the base of a glass prism optically matched
by index oil. A beam of a HeNe Laser (632.8 nm) with transverse-magnetic polarization is
directed through the prism. By rotating the prism, the angle 0« of the incident beam relative to
the surface normal of the sample and consequently the in-plane wavevector Kpex is adjusted.
Collection of the reflected light with a photodiode mounted on a second, collinear goniometer,
allows angle-resolved reflectivity measurements, details about this experimental scheme
("surface plasmon spectroscopy") can be found in Chapter 3.6., it essentially allows for the
determination of the thickness and dielectric constant of the gold layer and, given its dielectric
constant, the thickness of the spacer layer. For fluorescence measurements, the photodiode is
replaced by a photomultiplier tube (PMT, Hamamatsu, H 6240 SERIES) operated in photon
counting mode. Stray light of the laser is blocked from the PMT by a notch filter (Holographic
Notch-Plus™ Filter, 638.2 nm, Kaiser) and a line filter (670 nm, LOT).

Fig. 4.3: Sketch of the experimental
geometry. TP indicates the turning point of
the prism, d is the distance of the
photomultiplier tube (PMT) from the spot

where fluorescence is excited. PD denotes

the silicon photodiode.

Additionally, a polariser was mounted in front of the PMT for polarisation-sensitive

detection. The experimentally determined directions of exciting and emitted light, Oex, meas and

35



4. Fluorescence at a plane metal dielectric interface

Oem, meas are transformed to the angles describing the light propagation inside the prism, 0 and
Oem, by applying Snellius' law.

By moving the PMT a full half circle around the prism, both the emission through air and
through glass are recorded in one experimental step.

In order to be able to compare light intensities emitted through the prism and through air,
it must be taken into account that the effective solid angle (24 covered by the PMT can be
calculated simply as Q4 = Apyr/4nd® for emission through air with Apyr being the active area of
the PMT and d being the distance of the PMT from the goniometer axis. For the detection of the
intensity emitted through the prism refraction at the interface leads to an effective reduction of

covered solid angle

Qd,Pris = APMZ ) COS(eint) ’ 1 4.1.
47Z-d Sin (Hint )2 npris
npris - >
npris )

Additionally, reflection losses at the interface are taken into account as well as a minute
correction term due to the turning point of the prism being slightly displaced from the middle of
the prism base.

In order to determine the apparent angle between absorption and emission dipole
moment, Bemex, an aqueous solution of PSS and DilCi(5) was spin-coated on a glass slide,
yielding a thick (ca. 1 um) film with randomly distributed chromophores. Schematically the
measurements are shown in fig. 4.4. Fluorescence was excited by placing the glass slide in a
linearly polarised laser beam with the glass slide being oriented perpendicular to the beam.
Fluorescence emitted normally through the slides' back side was recorded for the linear
polarisations parallel and perpendicular to the exciting beam. From the two measured intensities,

Bem,ex could be determined as described in Chapter 2.2.3.

emission Figure 4.4. Scheme of

excitation polarizer the experimental assessment

olarizer
P of the displacement between

absorption  and  emission

dipole moment of the dye.
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4. Fluorescence at a plane metal dielectric interface

4.1.2. Theoretical modelling

The calculation of the excitation probability, the total emission probability and the
probability the light to reach the detector in case of a chromophore near a metal interface,
together with the geometry in consideration are presented in Chapter 2.3.

In order to calculate the fluorescence intensity originating from an ensemble of
molecules, averaging over all possible orientation of absorption and emission dipole moments is
performed, assuming that absorption and emission dipole moments have a relative angle Pem.ex.
Given a fixed orientation of the emission dipole Oem, Wem, for a given Bemex the average of the
excitation dipole will contribute cos(Bemex) in the direction parallel to the emission dipole and
2 *sin(Bemex) along each of the two Cartesian coordinates perpendicular to piem Where one of the
latter two coordinates is chosen to be perpendicular to the plane of incidence and therefore not
contributing upon illumination with TM polarised light. As a consequence, the measured

intensity can be calculated as

V2 Ben < (V)

Here the integration is to be taken over all possible orientations of the emission dipole, brackets

Imeasured oc _[de,em Cos(ﬂem,ex) ’ Ism (<uex> = <uem >)+ w ' Ism {<p’ex> = uem—X<y>J 42

indicate unit vectors, <y> is the Cartesian unit vector perpendicular to the plane of incidence.
4.1.3. Results and discussion

In a first set of experiments, the excitation angle (8.x) was varied continuously, recording
both the intensity of the reflected laser beam and the fluorescence intensity emitted vertically Oep,
= 0° to the air side. Fig 4.5.a displays reflectivity data for samples with varying spacer thickness.
Based on the position and shape of the surface plasmon minimum, a full characterisation of the
optical parameters of each system was performed. They yield €prism(Aex)=2.26, €gold(Aex)= -12,65
+1%*1,01, dgola = 44 nm and &gpacer(rex)=2,38. The values for d; from curve 1 to 7 are 9.8 nm, 15.3
nm, 23.9 nm, 32.4 nm, 41.4 nm, 50.7 nm, and 59.4 nm. The good agreement of the theoretical
reflectivity curve with the measured data supports the applicability of the simple multilayer

model to our system.
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Fig. 4.5. (a) Measured reflectivity curves (crosses) for different spacer thickness. The solid lines

are theoretical fits to the data. The datasets are vertically offset for clarity. In dataset 3 the
fluorescence intensity is plotted over the reflectivity curve to illustrate the relative positions of
reflectivity minimum and fluorescence maximum.

(b) — measured fluorescence intensity (crosses) emitted under 0,,=0° to the air side and the
corresponding fit (solid line) Both experimental and theoretical values for the thinnest spacer

were multiplied by 10 for clarity.

The experimentally obtained fluorescence is displayed together with the theoretically
predicted curves in Fig 4.5.b. The curves exhibit a clear maximum following roughly the surface
plasmon minimum with a slight displacement, indicating excitation of the dye via the surface
plasmon electromagnetic field. To illustrate this, one extra fluorescence curve is added to the
reflectivity data in Fig. 4.5.a. A factor common to all data sets was applied to scale the
experimental data to theory. In addition, the nonradiative decay rate was adjusted for optimum
agreement to be 0.5 times the radiative decay rate of a free dipole in vacuo. A remarkable
agreement of experimental data with theory is found for all samples except the one with the
thinnest spacer. For this sample, the measured fluorescence intensity is significantly reduced

(roughly by a factor of 24). This observation was very surprising.
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Fig. 4.6. Fluorescence intensity as a function of Oem, recorded through the prism (a) and
through air (b). The numbers correspond to the same spacer thickness as in Fig. 4.5. Crosses are
experimental data, straight lines the theoretical prediction. Different factors were applied to the
experimental data in the two cases to obtain optimum agreement with theory (470000 for (a) and
640000 for (b)). The theoretical plots are based on the same material parameters as in Fig. 4.5.
The curves are vertically offset for clarity. Note that the scaling on the intensity axis is different

in a and b in order to make the wavelength dependence clearer.

Nonetheless it should be noted that intensity measurements were carried out by Campion
et al.'” for the phosphorescence of pyrazine in front of a nickel surface. In this study, a perfect
agreement with theory was found for a spacer thickness that varied continuously between 0.5 and
10 nm. For the thickest spacer layer studied here (dspacer = 59.4 nm) the measured fluorescence
intensity is somewhat lower than theoretically predicted, this deviation is tentatively assigned to
the large resonance angle 6., which leads to a wider area illuminated by the exciting beam which

is not imaged perfectly onto the active area of the PMT.
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In a second experiment, the direction of the incident light was kept fixed at a value
leading to maximum excitation of the dye and the angle-resolved emission was measured by
scanning the emission angle 0,,, with the PMT. This way, in one run both the angular distribution
of the fluorescence emitted to the glass side and to the air was recorded. In Fig. 4.6., the
experimental data are shown together with the corresponding calculations. As a basis for the
calculation of the theoretical curves, the dielectric constants of gold and spacer at the emission
wavelength (Aem = 670 nm) were determined by an independent surface plasmon reflectivity
measurement at this wavelength (data not shown). The dielectric constants are found to be
(&prism(Aem)=2,25, €golds(Aem)=-14,94 + 1 1.1, €Spacer(Aem)=2.32.). The experimentally determined
angular distribution of the emitted intensity is well described by the classical theory if emission
through prism and emission to air are evaluated separately. It must be noted, though, that slightly
different factors were used to scale the theoretical to the experimental values for the two sets of
measurements. In the experiment the intensity emitted through the prism appears to be enhanced
by a factor of 1.34 relative to the emission in air. The reduced intensities for the thinnest and

thickest spacer layer appear in this measurement again.
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Fig. 4.7. Quantitative comparison between the maximum intensities measured through the prism
(a) and through air (b). Crosses are experimental data, the straight line is the theoretical

prediction. Identical material parameters and scaling factors as in Fig. 4.6. were used.

The intensity emitted to the air side is only slowly varying as a function of 0,,,, while for
the thicker spacer layers maximum fluorescence is found at emission normal to the sample plane
for thin spacer layers maximum intensity is found for different values for 6,,. This observation

should be of some importance for experimental designs where optimum fluorescence detection
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along with suppression of background is seeked. The radiation to the prism side is concentrated
in one direction. This effect is due to intermediate surface plasmon excitation at the emission
frequency.

The maximum fluorescence intensities through air and through the prism are compared in
Fig. 4.7. Fluorescence emission through glass goes through a maximum at a spacer thickness of
roughly 30 nm while maximum intensity through air is reached roughly at 50 nm. This clearly
shows that surface plasmon - mediated emission is very effective for spacer thickness below
roughly 40 nm. Note that for spacer thickness below 30 nm the intensity detected through the
prism is roughly ten times higher than the intensity detected through air. For very thin spacer
layers, the electromagnetic decay is dominated by processes that do not lead to photons at all,

therefore only a very weak fluorescence signal is detected in this case.

PR Fig. 4.8. Fluorescence intensity emitted to the air
side normal to the sample plane, recorded
separately for polarisation in the plane of
incidence (crosses) and perpendicular to this
(circles) for a spacer thickness of 15.3 nm (curve 1)

and 23.9 nm (curve 2). The theoretical predictions

Intensity

which are assuming a Pemx=32.25° are plotted as
solid and dashed line for polarisation in the plane
of incidence and perpendicular to it, respectively.
Curve 3 represents again the same data as curve 2

but the corresponding calculation is based on the

I assumption of collinear absorption and emission

| |
44 46 48 50 dipole moment (Bem,ex=0°).
0., /degree

Polarisation anisotropy was measured by placing a polariser in front of the PMT which
was positioned to collect fluorescence to air at 0.,=0°. In Fig. 4.8., the measured data are
displayed together with the theoretical prediction, assuming an angle Bemex 0f 32.25° between
excitation and emission dipole moment in comparison to the result that would be obtained for
collinear absorption and emission dipoles. With this value for Pemex satisfactory agreement
between theory and experiment is reached, the calculation based on the assumption of collinear

absorption and emission dipole Pexem = 0° shows clear deviations from the experimental finding.
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This proves that the relative orientation of transition dipoles must be taken into account in order

to apply the classical electromagnetic model to molecular fluorescence close to a metal surface.

4.1.4. Conclusion

The fluorescence of chromophores placed at variable distance from a metal surface was
studied on a model system based on polyelectrolyte multilayers deposited on ultraflat template-
stripped gold. A series of experiments was performed to verify the applicability of the classical
theoretical model which was extended to take into account all photophysical parameters relevant
to the real experiment. Intensities were recorded for varying excitation and emission direction
and the polarisation anisotropy of the emitted light was studied. All experiments with spacer
thickness above 15 nm indicate that the classical theoretical framework is appropriate for a
quantitative description of the behaviour of fluorophores in front of a metal surface. The
drastically reduced intensity for the sample with a thickness of 9 nm is clearly beyond our model.
This work provides a full experimental verification of the theoretical description of a
chromophore with dipolar character in front of a metal, taking into account several parameters
that are of direct relevance for the experimentalist. This proves the usefulness of the classical
theory in the design and optimisation of experimental schemes towards increased sensitivity in

fluorescence-based sensor applications.

4.2. Reduced photobleaching of chromophores close to a metal surface

In fluorescence spectroscopy, including studies on biological systems as well as for
single molecules studies, it is crucial to obtain as many photons as possible from one molecule
before it undergoes irreversible photobleaching. Working at liquid helium temperatures as well
as embedding the dyes in a solid matrix have proven to enhance the lifetime of chromphores by
orders of magnitude. In low temperature experiments individual dyes have been studied for
hours, emitting more than 10'> photons'®. When working at room temperature with molecules in
contact with the environment, exclusion of oxygen is another strategy to increase the lifetime of
the molecules.”” Though, these strategies are not applicable as soon as fluorescence spectroscopy
is used as an analytical tool to elucidate biological processes, where temperature and chemical
composition of the environment are determined by the needs of the process to be studied. In this
case, another approach to increase the number of excitation-emission cycles, proposed in a

theoretical paper by Enderlein®® should prove to be useful. It relies on the concept of enhancing
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the electromagnetic decay rate of the molecule by placing it in front of a metallic surface. As a
consequence, the molecule will in average stay in the exited state for a shorter time and,
assuming that photobleaching happens from the excited state with a constant rate, be able to
undergo more excitation-emission cycles before being bleached. As an additional effect, the
metal introduces new electromagnetic decay channels to the system, reducing the probability that
a photon reaches the far field and is therefore detectable. As a consequence, careful optimisation
is required to increase the total number of detectable photons for a given chromophore®'.

A related concept has proven experimentally to enhance the brightness of semiconductor
quantum dots. Shimizu et al.” placed semiconducting quantum dots on a rough metal film. They
observed a strongly enhanced luminescence which they ascribed to enhancement of the
electromagnetic emission rate, allowing the quantum dot to emit more photons before entering a
dark state. They did not know the local environment of the emitters, therefore the observed effect
could only be discussed qualitatively.

In the work presented in this chapter a planar multilayered system is used as a model
structure for a quantitative experimental investigation of the effect of a nearby metal surface on

the photostability of fluorescing dyes.

4.2.1. Experimental

For the measurements which will be discussed in this section the sample preparation
techniques and the sample realization were the same as described in the previous section (section
4.1.). The experimental apparatus and geometry are as shown in fig. 4.3. The measurements were
conducted at fixed emission angle 6,,=0. The angle of excitation was also fixed at an angle 6,,,
which was the angle of excitation of surface plasmon resonance or the angle where maximum
fluorescence intensity was detected for a given sample thickness. The decrease of the
fluorescence intensity with time was recorded for samples with separation distance between the

fluorescing dye and the gold layer 11.5, 17.2, 26, 35.5, 43.9, 54 and 64 nm, respectively.
4.2.2. Theoretical modeling

In the previous section (4.1) it was demonstrated that the classical electromagnetic model
as proposed by Chance et al.” is appropriate to predict the measured fluorescence intensities for

varying spacer thicknesses if photobleaching effects are neglected. For this case, a random

distribution of transition dipoles which does not change during the experiment could be assumed.
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In this section, the rate equations based on this model are extended to include
photobleaching from excited states of the individual chromophores in order to model the
experimentally observed bleaching kinetics.

In the following, it is assumed that moderate excitation intensities are used such that the
molecule is in the excited state only a very small fraction of the time and that intersystem
crossing and saturation effects can be neglected.

In this case, the detectable intensity from a single dye molecule /s» can be calculated from
the excitation rate P,,, the nonradiative emission rate P,,, the total radiative emission rate P44 s

and the rate of emission into the solid angle covered by the photomultiplier, P, pur.

B prr (1) e I, (x) P&( \ B prer (W)
Prad,tot (”) + Pnr I

with some constant C; taking into account that not every photon is detected due to effects such as

4.3.

Ism (u’ X) = Cljjex (H,I(X)) n, ex,0 /P

rad ,tot (u) + ])nr

ex,0

the quantum efficiency of the detector or losses at the filters. The rates are functions of the
orientation of the transition dipole moment p and, due to the inhomogeneous illumination, of the
lateral position x of the chromophore. This lateral dependence can be explicitly written by
introducing P,, for some arbitrary local /., .

Assuming that photobleaching happens exclusively from the excited state, the
photobleaching rate P, is proportional to the time-averaged probability of finding the molecule

in the excited state which is directly obtained from the transition rates. Therefore

poe R ) -
R’ad,tot (u’) + Pnr + f)ex (u’ I(X)) R’ad,tot (u’) + Pnr

with some constant C2 and assuming again sufficiently small excitation rates. The rates that are

influenced by the nearby interface are displayed in Fig. 4.9. as a function of the layer thickness.
In Fig. 4.9.a, the squared electrical field strength at the dipole position parallel and perpendicular
to the gold surface is shown assuming illumination with unit intensity. Since P, is proportional
to this quantity, a corresponding variation of the photobleaching rate with distance is to be
expected for low excitation rates. For an ensemble of molecules, at spacer thicknesses below 30
nm, the increased electrical field parallel to the surface is on average almost compensated by the
decreased perpendicular field. For thicker spacer layers, a decreased photobleaching simply due
to decreased excitation rate for any orientation of the molecule is expected. P,,q for the dye

molecules is displayed in Fig. 4.9.b.
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14 5 Figure 4.9. a) Calculated modulus squared of the
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the behaviour for very small distances.

Again, a significantly different behaviour is found for dipoles oriented parallel and
perpendicular to the interface. While at a spacer thickness of 26 nm perpendicular dipoles reach
a minimum in the emission rate well below the value far away from the interface, there is still
significant electromagnetic decay for the dipole parallel to the interface. As a common trend, a
steep increase in the electromagnetic decay rate for spacer thicknesses below 20 nm is seen
which should lead to a significantly increased photostability in this regime. After this more
qualitative discussion of the general expected trend, we turn to a more quantitative description of
our experimental situation.

The excitation rate of a molecule depends both on its lateral position on the sample
(because the exciting beam has a nonuniform intensity distribution /(x)) and on its orientation.
Therefore, the detected intensity lwor is obtained by performing a lateral and orientational
integration over a chromophore population density n(p,x) consisting of the single molecule

contributions given by equation 4.3:

4.5.

P
l = jdXIdHLX)n(u’ X)CIP (u’ 10) em,PMT (ll)
’ IO - ])rad,tot (ll) + I)nr
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It is assumed that the absorption and emission dipoles are collinear and the integration is
to be taken over all possible dipole orientations. Time evolution of this quantity is given by the

time dependence of the population density and can therefore be expressed by

(b)
Lo _ fax [n(u, x)]-C,P, (n,1 ) em, AT 4.6.
'[ J‘ ’ md tot( ) + P
The temporal evolution of the population density is obtained from Eq. 4.4. as
d [ X F)e'c l‘l”l
)=, 10 Palisla) o 47
dt 10 Pmd,tot (u) + Pnr

The solution of this differential equation would require the exact knowledge of the
intensity profile of the exciting laser light which is not trivial to obtain. Nonetheless, the initial
change in fluorescence intensity can be extracted without solving equation (4.7.). This
calculation only requires the initial chromophore distribution which can be assumed to be
homogenous and isotropic for the as-prepared sample, therefore n = ny. In this case, Eqns. 4.6.

and 4.7. yield

R R P

rad,tut (”) + Pnr
2
Pex (”’ IO )
f)rad,tot (u) + f)m‘

dl

ges

dt

4.8.

=C;- Iduf)em,PMT (n)- [

This quantity is directly calculated by classical electromagnetic theory. C; is a constant
prefactor. In order to extract a quantity that is independent of the (arbitrary) concentration of
chromophores, the initial intensity change is normalised by the total initial intensity Iges =0,
which is calculated (up to a constant factor) from equation 4.5. assuming again homogeneously
distributed chromophores. The resulting quantity, the relative change in intensity, can be
interpreted as an averaged photobleaching rate. This will be the quantity to be compared with the

experimental data.
4.2.3. Results and discussion

Fig. 4.10. shows the measured intensities as a function of time, normalised to the initial
intensity. It was observed in the experiment that the intensity showed some irregular changes like
accelerated decrease or even increase in the range of +£1 % during the first 20 seconds. This may
be due to thermal effects in the optical components in the exciting beam, probably heating of the

gold layer and the underlying glue. For this reason, in all datasets the first 20 seconds were not
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used for the further evaluation, this procedure is justified in the present case since the overall
change in intensity during this time is small enough that the assumption of a homogenous and
isotropic dye distribution is still justified. For two values of the spacer thickness, five datasets
each are shown, already indicating a slower decay for the sample with dyucer = 17.2 nm

compared to the one with dyac.-= 26 nm.
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. 1.04-
£1.021
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0.94-

d=17.2 nm d=26 nm

-+
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M

Fig 4.10. Normalised fluorescence intensity as a function of time, for two representative values
for dspacer as indicated in the plot, five measurements were taken each. The crosses are

experimental data and the straight lines fits as explained in the text. The curves are vertically

offset for clarity.

From this data, initial slopes were calculated by fitting an exponential function with an
offset to the experimental points and calculating the slope of this function for t = 0. This fitting
function was chosen for convenience. It describes the initial behaviour satisfactorily and allows
for a precise determination of the initial slope. It is not based on a physical model and not suited
to describe the experimental data for longer time intervals after significant bleaching has taken
place.

The comparison between experiment and theory for the relative initial change in intensity

is given in Fig. 4.11. Good agreement between the theoretical prediction and the experimental
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result is found, with a maximum photobleaching occuring at a spacer thickness of roughly

25 nm.
10 : e .

| Fig. 4.11. Initial intensity change as
8+ + + determined experimentally (each cross
64 + ; + corresponds to decay curve as displayed
o) N I in Fig. 4) in comparison to the
= ] :I: theoretical prediction (straight line). The
21 theoretical curve was scaled to optimum

0- + matching of the data.
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Closer to the interface, metal-enhanced emission leads to a longer (chemical) lifetime
while for thicker spacer layers the increased photosability can be mainly ascribed to the
decreasing excitation rate. The experimental point at a spacer thickness of 10.5 nm is not
described by the model, actually, a slight increase of fluorescence intensity with time was
observed experimentally, indicating a failure of the classical electromagnetic model. In the
previous chapter (4.1.) on fluorescence intensities in this multilayered system, a similar
disagreement for very thin spacer layers was found. This led already at that point to the

conclusion that the classical model is not applicable for layer thickness below 15 nm.
4.2.4. Conclusion

Nonetheless, for larger spacer thicknesses the conclusion can be drawn that the
experiment gives quantitative support for the model describing the photostability of organic dyes
that was outlined above. Essentially, for spacer layers below 20 nm, the strongly increased
electromagnetic decay rate allows the chromophore to undergo more excitation-emission cycles
before photobleaching while the longer lifetime for larger spacer thickness in due to a decrease

in excitation rate.
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4.3. Single molecules fluorescence near a flat gold interface

4.3.1. Introduction

24,25
7 to

Although single molecule optical spectroscopy became possible in the last decade
our knowledge there is only one reported study on single fluorescing molecules in the vicinity of
a metal interface®. In this work Yokota et al. imaged single fluorescent-labeled proteins with a
surface plasmon fluorescence microscopy set-up.

In this experiment the chromophore was placed at different separation distance to a metal
film by a dielectric spacer layer and excited by the surface plasmon field of the metal. In
comparison to the work of Yokota, here the excitation and imaging of the fluorescing dye was
conducted from the gold side thus providing a novel experimental geometry in single molecule
studies, leaving the other side free, which can potentially be used for a characterization by
another technique (for example AFM). This study aims to answer some important questions as
what the shape of the excitation pattern of a single fluorescing dye with different dipolar
orientation is and how it compares with the theoretically calculated one. Secondly the
discrepancy between theory and experiment in the ensemble experiments at the very close

proximity to the gold film, noted in the previous sections (4.1.), will be addressed at a single

molecule level.

4.3.2. Experimental

Samples were prepared as in the previous section (4.1.). Polyelectrolyte layers of
PAH/PSS were deposited on gold fuctionalized by 3-MPA. The gold film was thermally
evaporated on Microscope cover slip (Menzel Gldsser). Before use both polyelectrolytes were
purified in order to reduce to minimum the fluorescence background due to contamination. PAH
was cleaned by dialysis (Membrane tube MWCO 3 500, Spectrum Laboratories, Inc., USA, was
used). The dialysis was conducted for six days as the water was exchanged twice a day. PSS was
purified by a controlled precipitation method. The polymer was dissolved in water and then the
solution was transferred slowly (drop by drop) in cooled near the frizzing temperature ethanol.
The precipitation was then filtered and dried in vacuum. After this treatment the fluorescence
background was reduced about 8 times thus allowing for single molecules measurements. Single
fluorescing dyes were deposited electrostatically by immersing the samples in a dye solution

with concentration of 10™'° mol/l for 1 minutes.
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The measurements were conducted in a confocal microscope set up as depicted in fig.

4.12. A beam of a He-Ne laser is directed to a microscope objective and focused on the gold

Polyelectrolyte

Z4 %4 Tpacer Figure 4.12. The experimental geometry. The laser beam is

P24
— 7 = v
M “—Aufim  directed to the objective and focused on the gold side of the

<— Glass . . .
Substrate Sample. Fluorescence is collected at the same side with the

same microscope objective. Here, x, y and z are the
Cartesian coordinates. @ is the polar angle, ¢ is the
azimuthal angle and y is the dipole moment.
Dichroic
mirror
side of the sample. Fluorescence coming through the gold film is collected from the same side by
a microscope objective, as the appropriate filters for blocking the reflected laser beam are set.

Images were created by scanning in x and y direction over a given area of the interface.

4.3.3. Results and discussion

The images shown in figure 4.13. are the theoretically calculated excitation patterns of
dipoles with x, y and z orientation placed at 20 nm separation distance to the metal interface.
Firstly, remarkable is the different shape of the patterns. Secondly, it is not surprising the
difference in the intensity. It is clear that the image showing the dipoles lying in y direction looks
dark, because the excitation light is linearly polarized along the x-axis. The z pattern is
approximately 2.5 times stronger than the x one. This is due to the electromagnetic boundary

conditions at an interface and due to the presence of the gold interface.

20
15
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00 05 10 15 20 00 05 10 15 20 00 05 10 15 20
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Figure 4.13. Calculated excitation patterns of dipoles with x, y and z orientation at a separation

distance to the metal interface of 20 nm.
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Fig. 4.14.a shows an image of the surface of a PAH/PSS multiplayer system composed of
4 bilayer and DilC1(5) subsequently deposited. It is not surprising why only the dipoles
possessing components lying in z direction appear on the image. As it was discussed above z
patterns are much stronger than x and y. The perfect similarity between measured and calculated

z pattern is remarkable (fig. 4.14.b).
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Figure 4.14. a) Confocal image of singe molecules at approximately 23 nm separation distance
to a gold interface. b) shows comparison between experimentally measured (down) and

theoretically calculated (up) pattern of a dipole lying in z direction.
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Figure 4.15. Images of DilC1(5) single molecules at separation distances of 23 nm a),15 nm b),
10 nm c) and 4.5 nm d) to a gold interface.

Fig. 4.15. shows an images of dipoles separated from the gold interface with four a),
three b), two c) and one d) bilayer of PAH/PSS. The intensity of the patterns in image a) is
about 2.7.times stronger compared to that in b). In images c) and d) no patterns can be seen,

which means then the fluorescence is completely quenched due to the proximity of the gold
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interface This inspection at single molecule level is one important confirmation of the
experimental results with an ensemble of molecules discussed is the previous section 4.1, where

strongly reduced fluorescence intensity at the very short separation distance was found (fig. 4.7.).

4.3.4. Conclusion

This study was the first experimental demonstration of the behaviour of single
fluorescing molecules at different separation distance to a gold interface. Excitation patterns
were imaged and a perfect correlation in shape and intensity was found. Only z patterns were
found since they are much stronger than x and y. In addition this study was a confirmation of the
findings discussed in section 4.1., where the measured intensity at the very close proximity (0-10

nm) to a gold film was much lower than theoretically predicted one.

4.4. Cd-Se semiconducting nanoparticles in the vicinity of a gold interface

4.4.1. Introduction

In this section the applicability of the model calculation of the fluorescence near a metal
interface to semiconducting nanoparticles will be addressed. Cd-Se nanoparticles have attracted
a great scientific attention in recent years due to their size dependent fluorescence properties,

. . . . . . . . 27.2
which makes them interesting in sensing and device fabrication.””**

4.4.2. Experimental

Samples for this experiment were prepared as in section 5.1. except few details. Firstly,
the thickness of the gold film was about 30 nm. Secondly, the polyelectrolyte multiplayer system
was terminated by a positively charged layer of PAH thus allowing for the electrostatic
deposition of negatively charged species.

Cd-Se nanoparticles were obtained in collaboration with Alf Mews®. The particles
consist of Cd-Se core covered by a ZnS shell. The particles surface is covered by ligand shell of
mercaptoacetic acid thus the particles are negatively charged in water. The size of the particles
was 3-4 nm. The excitation and emission spectra of the particles showed maximum excitation

wavelength of 536 nm, and maximum emission wavelength of 548 nm. A layer of Cd-Se
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semiconducting nanoparticles was deposited on a positive PAH surface by the immersion of the
substrate into the solution of particles for 30 minutes. Then the sample was washed with water
and dried.

The experimental set-up was the same as in section 5.1. The measurements were
conducted at constant angle of emission (0 degree) and varying the angle of excitation. For the
excitation was used green, A = 532 nm laser. 550 nm Raman filter was used for the selection of

the emission wavelength.

4.4.3. Results and discussion

The reflectivity scans of bare gold film (solid curve), 7 layers of PHA/PSS (dot dashed
curve) and after deposition of Cd-Se nanoparticles are shown in fig. 4.16 . The first impression is
the very broad plasmon resonance dip of the reflectivity curves. The plasmon resonance shifts to
a very large angle after deposition of even thin dielectric spacer layer. After deposition of a layer
of particles the resonance angle shifts further on the right. All this is due to the optical response
of the gold film at that wavelength. However, one can fit the reflectivity curves and extract the

thickness of each layer as well as the dielectric constants

Figure 4.16.  Reflectivity

curves of bare gold (solid
curve), 7 layers of PAH/PSS
(dash-dotted curve) and after
deposition of Cd-Se
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25000 nanoparticles (dashed curve).

Reflectivity

20000 The open circles show the

fluorescence emitted from the

<
014 15000

Fluorescence Intensity [cps]

nanoparticles.

0, / Dedree

at that wavelength. The thickness of the gold film was estimated to be 37.3 nm with &’ = -4.85
and ¢ = 2.35. The polyelectrolyte spacer was 17 nm with ¢ = 2.8. Thickness and optical

constants of the layer of semiconducting nanoparticles were not extracted since independent
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AFM measurements showed that the particles tend to aggregate and pile of the surface which
leads to inhomogeneous film in thickness and optical density.

The fluorescence intensity (fig. 4.16. open circles) follows the minimum of the
reflectivity but the maximum is much more displaced on the left compared to the measurements
with 633 nm laser shown in section 4.1.

Model calculations were carried out in order to show the applicability of the model
described in the previous section to this system. Fig. 4.17.a shows the calculated intensities for
7, 11, 17, 26, 34 nm spacer thickness (solid curves) as a function of the angle of excitation. The
markers are the measured fluorescence at 17 nm separation distance. In fig. 4.17.b are shown
only the measured and calculated intensities for 17 nm separation distance. The good angular
correlation between measurement and calculations is notable. This shows the applicability of our
model systems to study variety of fluorescing species in the vicinity of a metal interface.

Samples with larger separation distance between the Cd-Se semiconducting nanoparticles
and the gold interface are not investigated experimentally since the large shift of the plasmon dip

of the reflectivity curves to the right makes the measurements not possible.

Measured and calc Intensity
Measured and calc Intensity

I I I I I I [ [ [ I
40 50 60 70 80 40 50 60 70 80

O Degree] O [Degree]

Figure 4.17. a) Calculated fluorescence intensity for 7, 11, 17, 26, 34 nm spacer
thickness (solid curves) as a function of the angle of excitation. The markers represent the

measured data. b) Measured and calculated data for 17 nm separation distance.
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One possibility would be the use of a higher refractive index prism and grass substrate.
However, in that case the utilisation of template stripped gold would be impossible since
appropriate optical glue with an appropriate refractive index is not available. Another possibility
would be a silver layer. Unfortunately, all attempts for preparation of template stripped silver
layer failed. It was impossible to fabricate silver surface with acceptable quality due to sheets of
mica sticking to the metal. This is probably due to the stronger adhesion of mica to silver

compared to gold.

4.4.4. Conclusion

The behaviour of Cd-Se semiconducting nanoparticles in the vicinity of a gold interface
was probed experimentally and modelled theoretically. Although a detailed experimental study
was not possible due to the optical response of the system at the wavelength needed for the
excitation of the nanoparticles, this study shows the applicability of our model system to a

different kind of fluorescing species.
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5. Gold nanoparticles and gold nanowires — surface modification and synthesis

The current chapter is devoted to monolayer protected gold nanoparticles and gold nanowires.
Firstly, in section 5.1. a strategy for surface modification of citrate reduced gold nanopartisles is
presented. In section 5.2. a new route for the synthesis of monolayer protected gold nanoparticles
with sizes above 10 nanometers is descried. In the last section 5.3. the synthesis of long aspect

ratio gold nanowires in aqueous solution is demonstrated.

5.1. Surface Modification of Citrate-reduced Colloidal Gold Nanoparticles with

2-Mercaptosuccinic Acid
5.1.1. Introduction

According to the well-established gold-thiol chemistry in the formation of self-assembled
monolayers (SAMs),"? the undefined ionic species on citrate-reduced gold nanoparticle surface
can be replaced with a self-assembled monolayer of certain thiolate derivatives, as demonstrated

by a few early papers.”*>-°

In their pioneering work on the electrophoretic deposition of a 2-D
array of colloidal gold particles on a conductive solid surface, Giersig and Mulvaney demonstrated
that the stabilizing citrate could be replaced on the particle surface by several water soluble or
insoluble thiols.” Later on, as an extension of their interest on the self-assembled monolayer
formation on planar gold surfaces, Whitesides et al. systematically explored the chemical
adsorption of a series of alkanethiols with different terminal groups onto aqueous phase dispersed
gold nanoparticles.* A similar approach was adopted by Sastry et al., who introduced carboxylic
terminals on the gold nanoparticle surface by exchanging the adsorbed ionic layer with a
chemically adsorbed monolayer of 4-carboxythiophenol.” Very recently, Aslan and Perez-Luna
accomplished the surface modification of gold nanoparticles with 11-mercaptoundecanoic acid
and 16-mercaptohexadecanoic acid in the presence of a nonionic surfactant, Tween 20.°

In this work, the goal was to modify citrate-reduced gold nanoparticles with

2-mercaptosuccinic acid (MSA). The modifier was chosen on the basis of the following

considerations: Firstly, as a normal thiol derivative, chemical adsorption to the particle surface
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through Au-S bonding is anticipated; secondly, it has similar structural features as citric acid with
dissociable carboxylic groups that will enable the electrostatic repulsion required to maintain the
colloid stability after modification without a need for additional additives; thirdly, it is
well-soluble in water so that surface modification reactions can be conducted in an aqueous phase
without the risk of irreversible flocculation induced by the organic additives, which are necessary
to facilitate the solubilisation of particular thiols used before.”® Scheme 5.1. shows the surface

structure of umodified and modified particles.

CH,COO0

--S - CH-COO

. - e

J—

Scheme 5.1. (left )Gold nanoparticles obtained by the citrate reduction method possessing just
physically adsorbed ions on their surface. The image on the right shows the surface structure of

the particles after surface modification.

It should be noted that functionalised Au particles with a mean diameter below 10 nm are
easily accessible following the method of Brust et al.,” by which MSA-capped gold nanocrystals in
this size regime were reported by Chen et al..® However, this synthetic scheme is not suitable to
obtain functionalized gold particles with a size above this limit. In contrast, the citrate reduction
method is more flexible in terms of size control; therefore, surface modification of the citrate
reduced gold nanoparticles might be a choice to bridge this size gap. We are not the first to choose
MSA as the modifier, an idea first applied by Kimura et al., who described a simple procedure for
the surface modification of 5.8 nm citrate-reduced gold nanoparticles with MSA.’ More recently,
the same group used the MSA-modified gold nanoparticles as a model system for the theoretical
calculation and experimental measurement of surface potentials by taking advantage of the
molecularly-defined particle surface.'’ Both papers focused mainly on a particular application of

the MSA modified gold nanoparticles, with only a brief description of the modification procedure,
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and even less attention was paid on the characterization of the properties of the modified system.
In order to derive a better understanding of the characteristics of the MSA-modified gold
nanoparticles, we performed a series of comparative experiments to see the difference between the
as-prepared samples and the modified ones, and to evaluate the influence of the surface
modification. Such differences should reflect structural change(s) of the surface due to the
presence of the chemically adsorbed thiol monolayer on the modified particles.'' The present work

will add some new insight into the physico-chemical features of modified gold nanoparticles.

5.1.2. Experimental Section

Hydrogen tetrachloroaurate(Ill) trihydrate, trisodium citrate dihydrate (99+%),
hydroxylamine hydrochloride(99 %), and potassium cyanide (97 %) were obtained from Aldrich,
2-mercaptosuccinic acid (MSA, 99 %), and sodium sulfate from Acros, hydrochloric acid (37 %),
sodium hydroxide, and sodium chloride from Riedel-de Haen. All the reagents were used as
received. Milli-Q water with resistivity >18MQ-cm was used throughout the experiments.

Gold colloids were synthesized by citrate reduction of Hydrogen tetrachloroaurate(III)
trihydrate, as described in Chapter 3.4. The colloidal suspension prepared this way had a
conductivity of 380+20uS/cm, an initial pH of 6.0+0.3, and a mean particle size of 19+2 nm as
determined by scanning electron microscopy (SEM).

Surface modification reactions were performed under stirring at 50 °C for 8~12h by mixing a
certain volume of as-prepared gold colloids with an aqueous solution containing a large excess of
MSA (typically, 100 ml as-prepared colloid with 15 ml 1x107 mol/l Na,-MSA), equivalent to
50~100 monolayers/particle, estimated by assuming that the occupied surface area by a single

thiol molecule is ca. 0.20nm>

The thiol was introduced as its sodium salt by stoichiometrical
neutralization with sodium hydroxide. The resulting suspension had a conductivity of
580+20uS/cm, and an initial pH of 6.0+0.3.

After reaction, both the as-prepared colloids and the modified samples were dialyzed against
freshly prepared milli-Q water or a 0.1% Na;s-citrate solution through Spectra/Por 3 tubing

(Spectrum Laboratories, Inc.) for a certain period of time during which water or citrate solution

outside the tubing was refreshed for several times, until the two systems reached the same level of

59



5. Gold nanoparticles and gold nanowires — surface modifucation and synthesis

conductivity (120£10uS/cm for dialysis against water and 820+10 puS/cm against Nas-citrate) and
pH (5.240.1 against water and 7.4+0.1 against Nas-citrate), monitored with an integrated
pH/conductometer (Hanna Instruments, Inc.). Although this treatment can not completely remove
the excess MSA from the modified sample, it is an indispensable measure to ensure that the
modified and unmodified samples have similar supporting electrolytes enabling the comparative
tests described in the next section.

Optical absorption spectra were measured with a UV/VIS/NIR spectrophotometer (Lambda 9,
Perkin-Elmer) in a standard lcmx1cmx3.5¢cm quartz cuvette. Particle morphology was observed
with a LEO 1500 field-emission scanning electron microscope (LEO Electron Microscopy Ltd).
Samples for the SEM characterization were prepared by immobilization of gold nanoparticles onto
silicon wafers pre-modified with 3-aminopropyltrimethoxysilane'® as described in Chapter 3.1.
For transmission FTIR measurements a Nicolet 730 FTIR spectrometer was used. A lab-made
surface plasmon resonance spectrometer (SPR), as described elsewhere, " (Chapter 3.6.) was used

for the on-surface etching experiments.

5.1.3. Results and Discussion

Spectral evidence for the modification

In order to obtain direct evidence for the surface modification, FTIR measurements were
performed on both the unmodified and modified samples. By salting out from suspensions of both
samples with 1mol/l NaCl or 1mol/l Na,SO4, solid precipitates could be collected after
centrifugation.'® The precipitates were repeatedly re-dispersed in sufficient water and centrifuged
for several times in order to remove any residual salt, unbound thiol, and citrate, then dried in
vacuum at room temperature. During this process, the modified particles could be easily
re-dispersed in water while the unmodified one could not, indicating that the modified particles
might have a stabilizing layer persistent to the copious rinsing with water.

KBr pellets of the precipitates were prepared for transmission FTIR measurements. Due to the
low relative amount of thiol with respect to the nano-sized gold core, it was hard to get a full range

spectrum with reasonable signal/noise ratio. In addition, the spectra were somehow distorted by

60


http://srd.yahoo.com/S=2766679:WS1/R=1/K=hanna+instruments/SS=649675/OCS=257410/T=1039078803/F=497745142adc1e5da5f026f6a906a7a7/*http://www.hannainst.com/

5. Gold nanoparticles and gold nanowires — surface modifucation and synthesis

the interference from the gold core and absorption of water from the atmosphere. Still a major

difference between the spectra of the modified and unmodified particles can be seen, as shown in

Figure 5.1.
100,0 100,0
99,0 99,0
2

= 980 98,0

97,0
97,0

96,0
96,0

o 1 o o ™ . o o " 1 o M M 2
1900 1800 1700 1600 1500 1400 1300 1200 1100 1900 1800 1700 1600 1500 1400 1300 1200 1100
Wavenumbers/cm-1 Wavenumbers/cm-

Figure 5.1. FTIR spectra of gold nanoparticles precipitated by NaCl (left frame) and Na>SO,
(right frame). a) a blank KBr pellet ; b) the MSA-modified gold nanoparticles; c) the unmodified

gold nanoparticles.

In both cases of the modified samples, i.e., precipitated by NaCl (curve b in the upper panel of
Figure 5.1) and Na,SO4 (curve b in the lower panel of Figure 5.1), respectively, characteristic
bands, i.e., at around 1710cm™ for the stretching of C=0 in the free -COOH and at around
1390cm™ for the symmetric stretching of COO™ are clearly present, suggesting a very stable
carboxylic group-carrying species (partially dissociated) on the modified gold particles. Another
characteristic band, the antisymmetric stretching of COO", ~1580cm™’, was buried in the negative
peak in that region, which appear in the spectra for all samples, probably due to the interference
from the water band. In comparison, no pronounced peaks can be found in the corresponding
spectra (curves ¢ in both panels) of the unmodified particles. This can be attributed to the fact that
during the process of precipitation, water rinsing and re-dispersion, the physically adsorbed ions
on the surface of the as prepared particles have been washed away. It can be concluded that
chemical adsorption of MSA on the particle surface occurred, although the exact surface coverage

remains undetermined.
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Stability against pH change

An interesting feature of the modified sample is its improved stability against changes in pH.
This was investigated by a comparison between the suspension stability of the modified and
unmodified particles against pH changes induced by HCl titration. In a 3.5 ml quartz cuvette, an
appropriate amount of the as-prepared sample and the modified sample (both were dialyzed
against milli-Q water to the same level of conductivity, 120+10 S/cm and pH, 5.2+0.1) was diluted
to 2.7 ml with milli-Q water to get the same level of initial peak intensity in the in situ recorded
UV-Vis spectra, respectively. Then 0.1 mol/l HCI in 100 pl aliquots were added at an 1h interval.
After each addition, optical absorption spectra were captured in cycles of 10min.

Figure 5.2.a and b, respectively, show the gradual change in the UV-Vis spectra of an
unmodified and of a modified sample, respectively, upon each addition of HCI. From top to bottom,
the spectra are displayed in groups of 6 spectra corresponding to each HCI addition. The
absorption decrease due to dilution effects was not calibrated deliberately in order to avoid the
overlap of the spectra. Absorption at wavelengths above 600 nm, which corresponds to the
collective plasmon resonance of closely-spaced gold nanoparticles, can be used as an indication of
particle flocculation in the dispersion.'®

As can be seen from Figure 5.2.a for the unmodified sample, the spectral change was initiated
even by the first addition of HCI and became more obvious after the 2™ addition. More drastic
changes were found with the 5™ addition, evidenced by the systematic increase of the absorption
above 600 nm, suggesting that a gradual flocculation of primary particles was happening due to the
change of pH and was accelerated at the lower pH. A pseudo-isosbestic point at around 580nm is
clearly visible indicating that no precipitation happened during the course of the experiment, at
least by the end of 5™ addition. However, the 6™ addition to this sample initiated a settlement of the
flocculated particles from the suspension, indicated by a drastic drop down of the spectrum of the

whole range approaching the baseline (not shown in the figure).
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Figure 5.2.  UV-Vis spectral changes upon HCI titration. a) the unmodified gold colloid; b) after

MSA-modification. Both samples were dialyzed against milli-Q water for sufficient time with
frequently changing water outside, to reach a same level of conductivity (120410 uS/cm) and
pH(5.2240.1). From top to bottom, each group of spectra corresponds to the 0", I*, 2", ...addition
of 0.1mol/L HCl in 100 uL portions.

A clear difference is found for the modified sample, as shown in Figure 5.2.b, in which only a
slight spectral change above 600nm was observed, mainly after the 6™ and 7™ addition, suggesting
that the modified sample needs much more HCI to induce the same extent of flocculation as the
unmodified one. Although this test was not followed further until the settlement happened due to
the volume limit of the cuvette, the difference mentioned above is convincing enough to conclude
that, under the same conditions, the modified sample has an improved stability against flocculation
induced by pH change.

Such a difference in stability against flocculation might be a reflection of the difference in the
electric double layer structure between the unmodified and modified particles, presumably
attributed to the presence of adsorbed MSA on modified particles and/or free MSA in solution for
the latter case. An electric double layer surrounding a charged particle consists of two parts, i.e.,
the inner shell of charge and the outer ionic atmosphere, which prevents particles from aggregation
by electrostatic repulsions. It should be noted that citric acid and MSA have very similar first-step

and second-step dissociation constants in solution, i.e., pK,1=3.13, pK,=4.76, pK,3=6.40 for citric
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acid,' and pK,1=3.30, pK,,=4.94 for MSA,'® respectively. As previously mentioned, after dialysis,
both samples have identical pH (5.2+0.1) and conductivity (120£10 puS/cm). At this pH, the
dissociation behavior of citric acid and MSA in solution would be similar, producing mainly
bivalent citrate anions and bivalent MSA anions by the first-step and the second-step dissociation.

Assuming that a bivalent citrate anion and a bivalent MSA anion will contribute equally to the
conductivity, the same value of conductivity implies that the total concentration of anions (from
citrate and MSA, as well as CI released from AuCly” during reduction, and OH") and counterions
(Na', H") would be roughly the same, although the relative concentration of each species is
slightly different between the modified and unmodified samples. This means there is no significant
difference in the outer ionic atmosphere of the electric double layer of the modified and
unmodified particles in the pH range from 5.2 to lower values upon HCI addition. However, some
differences in the inner shell of charge of the electric double layer as well as their differences in
response to the pH change could be expected, because the particles presumably got charged in
different ways for the modified and unmodified samples, as discussed below.

For the unmodified citrate-reduced gold colloids, the particles were negatively charged by
adsorbing ions from solutions, most likely remaining citrate and/or its oxidized intermediates.'® *°
The exact bonding between citrate ions and gold surface is still uncertain, however, it is more
likely a carboxylate coordination to a certain surface adsorbed gold ionic species but definitely not
a covalent bonding to surface gold atoms. Therefore, by lowering the pH with the addition of HCI,
neutralization of the adsorbed citrate ions will decrease the net charges on the particle surface,
leading to less repulsion between the particles; on the other hand, with more HCl being introduced,
depletion of adsorbed citrate ions is possible, either due to exchange by chlorine ions, or due to
reduction of the coordination with the protonated citrate ions at lower pH. Altogether, these effects
will contribute to a decrease of the electrostatic repulsion, leading to a faster flocculation of
approaching particles.

In the case of the modified samples, the particles were negatively charged mainly by the
dissociation of the carboxylic groups being covalently bound on the particle surface via the Au-S
bonding. Although lowering the pH will also decrease the repulsion through neutralization by
protonation, the desorptive processes in the inner shell of charge could be prevented, thus

explaining slower flocculation.
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It was reported that the dissociation coefficient (pK) of the carboxylic groups in ordered
self-assembled monolayer on flat gold surface may be shifted to a higher value than that in
solution.”" If this is the case for the MSA monolayer adsorbed on the modified gold particles, the
surface-bound MSA anions would get fully protonated at a higher pH than citrate, leading to a
faster flocculation of modified sample compared to the unmodified one. Nevertheless, the
experimentally observed decreased tendency for flocculation of the modified particles indicates
that this process does not play the dominant role in the system studied here, suggesting that the
major contribution might be attributed to the simultaneous desorptive process in the inner shell of
charge.

The same titration test was performed on the sample pair (unmodified and modified) being
dialyzed against a 0.1 % citrate solution, which gives both samples a final conductivity of 830+10
uS/cm and a pH of 7.440.1, the corresponding UV-Vis data are shown in Figure 5.3. In this case,
the unmodified sample changed even faster than in the case of dialysis against water, obvious

flocculation began with the 1 HCI addition and the settlement started at the beginning of the 3™
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Figure5.3. UV-Vis spectral changes upon HCI titration. a) the unmodified gold colloid; b) after
MSA-modification. Both samples were dialyzed against a 0.1% Na;Citrate solution for ~24 hrs
with 2 times changing of solution outside, to reach a same level of conductivity (830£10uS/cm)

and pH (7.4240.1). Spectra are displayed in the same way as in Figure 5.2.
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addition. The modified sample also changed a slightly faster, obvious flocculation began with the
2" and 3™ addition, and settlement started at the beginning of the 7™ addition. This observation
again supports the argument that the modified sample has improved stability compared to the
unmodified one. It should be pointed out that dialysis against citrate gave a final conductivity ca. 7
times higher than that against water, suggesting a more compressed outer ionic atmosphere which
will be less effective to prevent flocculation. That is why both the unmodified and modified

samples show a faster change when dialyzed against citrate.

Stability against CN etching

It is known that cyanide can be used to dissolve atomic gold to form a gold-cyanide complex
in the presence of oxygen, based on Elsner’s equation:*
4Au + 8CN ™+ Op+ 2H,0 —— 4Au(CN), + 40H

A self-assembled monolayer on a gold surface may prevent such kind of etching, depending

23, 24 )
*“* In order to evaluate the influence

on the thickness and packing density of the protecting layer.
of the chemically bound MSA on the modified gold nanoparticles against cyanide etching,
comparative tests were conducted on both the unmodified and modified samples, by in-situ
monitoring of the etching of surface-bound particles by SPR spectroscopy.

Gold nanoparticles were deposited from a suspension onto evaporated gold substrates
pre-modified with a self-assembled monolayer of 3-mercaptopropionic acid and alternating
bilayers of polyelectrolytes (4 layers of polyallylamine and 3 layers of polystyrenesulfonate)
following a procedure described in Chapter 3.2. The polyelectrolyte bilayers (total thickness ca.
17 nm) were used to protect the evaporated gold from being etched by the cyanide. The deposition
was facilitated by the electrostatic interaction between the negatively charged gold nanoparticles
and the positively charged polyallylamine top-layer. Figure 5.4.a shows the deposition kinetics of
both the modified and unmodified particles which were obtained by monitoring the shift of the
minimum reflectivity angle of the surface plasmon resonance. For the deposition of particles,
suspensions of the modified or unmodified samples were injected into the fluid cell. The

deposition was terminated after a certain angle shift was reached, by replenishing the fluid cell

with milli-Q water. The same final angle of resonance was
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Figure5.4. Kinetic curves of the deposition (a) and the etching (b) of the gold nanoparticles on
polyelectrolyte bilayers obtained by following the resonance angle of the surface plasmon (being
roughly proportional to the amount of adsorbed gold) against time. The data points for the
unmodified gold colloid are shown as empty circles, and that of modified gold nanoparticles are

shown as filled circles.

chosen for the modified and unmodified particles in order to ensure an almost identical number of
particles on the surface since the particle size is the same. Subsequently the fluid cell was rinsed
thoroughly with milli-Q water in order to remove any excess of electrolyte and particles not bound
to the surface.

The etching was performed by injecting a 1.5 mmol/l KCN in water solution into the fluid cell
and keeping it for the same period of time on both samples. The kinetics of the process of cyanide
dissolution is shown in Figure 5.4.b. After introducing the cyanide solution into the flow cell a
rapid decrease of the angle of resonance was observed. The reason for that effect, characteristic for
both modified and unmodified particles is not absolutely clear. A possible explanation could be
that the cyanide first causes separation of weakly bound particles from the surface and then the real
etching process starts. Following the kinetic curves further, a slower process sets in for both
samples, which is interpreted as the etching process, the time constant for this process being very
different for the two samples. It can be clearly seen that the unmodified particles were almost
completely dissolved in about 10 minutes (open circles). In comparison the modified particles

exhibited much better stability against etching. The angle of resonance remained almost
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unchanged for the same period of time (filled circles).
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Figure 5.5. Changes in SPR curves due to deposition of gold nanoparticles and cyanide etching
thereafter. (a) The MSA-modified sample, and (b) the unmodified gold colloid. Solid lines: before

particle deposition; Dashed lines: after deposition, Dotted lines: after etching.

Figure 5.5. shows the SPR resonance before and after deposition of particles (solid and dashed
lines, respectively), as well as after the etching process (dotted lines). For the unmodified particles
the resonance (Figure 5.5.a) shifts back almost to its original position before deposition,
suggesting the particles were nearly completely consumed by cyanide etching during the course of
the experiment.

Another interesting effect is that after the deposition of gold particles the width of the plasmon
resonance expands due to the contribution of the imaginary part of the refractive index of gold
nanoparticles attached to the surface. After etching, the width of reflectivity curve is comparable
with that measured before the deposition of particles, supporting the interpretation of the removal
of the adsorbed gold colloids but no change in the supporting layer structure.

In contrast, the modified particles (Figure 5.5.b) are much more stable against cyanide etching,
suggested by only a slight shift back of the resonance. Similarly to the case of the unmodified
particles, an increase of the width of the resonance upon adsorption is observed. The scan after

etching (dotted curve) shows a very similar width indicating that the particles remain on the
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surface. The slight shift back is interpreted as being due to the rapid process immediately after the
introduction of cyanide into the flow cell and not to the dissolution of gold particles.
Taking all the above observations together, it is reasonable to conclude that the adsorbed MSA

has a quite high surface coverage, possibly similar to a self-assembled monolayer.

Influence on the seeded growth

A well-known autocatalytic effect, i.e., the chemical reduction of gold chloride with certain
reducing agents promoted by the atomic gold surface,” was further employed to probe the
difference between unmodified and modified samples. It was reported that the citrate-reduced gold
particles can be enlarged by exposing them either to HAuCl4 at 70° C %° or to a mixture of HAuCly
and NHzOH.27 Reduction of HAuCl, by citrate ions on the surface of the citrate-reduced gold
nanoparticles was also observed at room temperature.” In these cases, no new particle nucleation
occurs in solution, and all added HAuCly goes into the growth of the existing particles, by
surface-catalyzed reduction with the citrate ions remaining in seeds solution or the added NH,OH,
respectively. Actually, such an idea has been developed into a common approach to production of

27.28.29.30.31 and nanorods® *® by using the small citrate-reduced gold

larger gold nanospheres
particles as seeds, although a general mechanism for particle growth has not been fully clarified.

In the beginning, it was speculated that the modified particles would not be growing at all due to
the protection of their surface by the MSA monolayer. To our surprise, both samples seem to have
similar trends of size changes upon mixing with a solution of HAuCly (with a final concentration
0f 0.01% w/v) and when NH,OH was added later, as indicated by the change of the position and
intensity of UV-Vis band around 530nm due to the plasmon resonance absorption of nanometer

sized gold particles (data not shown), suggesting the growth of particles in both cases with or

without NH,OH.
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Figure 5.6. SEM images of the unmodified and modified particles, before and after the growing
treatment in solution. a) unmodified particles before growing; b) unmodified particles after

growing; c) modified particles before growing, d) modified particles after growing.

The growth of both unmodified and modified particles was confirmed by scanning electron
microscopic images, given in Figure 5.6., with a and b showing the unmodified particles, ¢ and d
showing the modified particles, before and after growing treatment with HAuCl, in the absence of
NH,O0H, respectively. To be comparable, the growing treatment was performed by injecting the
same volume of dialyzed modified or unmodified particle solutions into the same volume of
0.01% (w/v) HAuCly solution, left for ca. 24 hr. The same mean size of ca. 20 nm can be
determined from Figure 6a and 6c for the unmodified and modified particles, respectively,

suggesting that there was no size change of the gold nanoparticles during the surface modification.
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As can be deduced from Figure 5.6.b and 5.6.d, however, after the growing treatment, unmodified
and modified particle populations show a distinctly different size distribution, both with the
increased average size of particles.

The modified particles grew, but very regularly, without a significant diversity of particle size
and shape. In contrast, the unmodified particles grew to a very broad size distribution with
irregular particle shapes. It should be noted that no smaller particles than the original size could be
found in both samples after the growing treatment, suggesting that reduction of gold chloride was
mainly confined to the surface of existing seed particles.

The growth of a gold seed in the growing solution can be considered as a competition between
the surface-assisted chemical reduction and the simultaneous ligand capping on surface of
particles. The relative rates of the capping-decapping and the relative reduction rates on the
different facets will regulate the final shape of particles.** In both solutions of the unmodified and
modified samples, although both were dialyzed to a low level of conductivity as mentioned above,
there are still some residual citrate ions and even MSA for the latter, which may serve either as the
reducing agent for the particle growth or as the capping agent retarding the growth in the presence
of gold chloride.

In the case of unmodified samples, irregular shapes grown from the unmodified seeds can
presumably be attributed to the physically adsorbed citrate capping the particle surface, which may
be heterogeneous in packing density and thickness, therefore being less robust for preventing the
preferential growth from the “active sites or facets” on particular particles at the early stage and
during the successive growth. The deteriorated size distribution also implies that the growth of
unmodified particles did not start at the same time, and/or did not proceed with the same speeds, on
different existing particles, suggesting that the citrate capping layer on unmodified particles may
also differ from one to another. Irregular growth could become more remarkable when citrate
concentration was low, as suggested by the findings of Turkevich et al. that the low citrate
concentration leads to irregular shaped particles while "normal concentration" leads to round
ones.*’

For the modified samples after growth, absence of any irregularly shaped particles indicates
that there was no preferential growing during the whole process of growth, especially at the early

stage, suggesting that the MSA monolayer on modified gold particles might be homogeneous and
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defect-free. The question why the MSA monolayer could not have protected the modified particles
from growing can be answered according to the fact that MSA, which has a similar chemical
structure as citrate, can reduce HAuCly at room temperature in solution. When mixed with gold
chloride, surface-assisted reduction of the supplied HAuCl; by MSA adsorbed on the modified
particles could occur, enabling the deposition of the first layer(s) of gold atoms onto the seeds
surface which will mediate the further particle growth through successive surface reduction with
citrate and/or MSA in the solution. In contrast to the uncertain structure of the citrate capping layer
on unmodified particles, the MSA monolayer on modified particles is more homogeneous in
packing density and thickness, and is identical particle to particle. Therefore, all the modified
particles and the surface sites on each particle can be roughly considered to have equal growing
speed during the whole enlargement process. Therefore, all the modified particles and the surface
sites on each particle can be roughly considered to have equal opportunity to initiate the surface
reduction at the same time in the beginning, which is a prerequisite for the later on homogeneous
growth to a regular shape and a narrow size distribution.

The sustained size distribution of the modified particles implies that the growth of modified
particles not only started roughly at the same time but also proceeded synchronously at different
surface sites on different existing particles. In contrast to the unmodified case, further growth of
the modified particles proceeds in the presence of a considerable amount of free MSA in solution
in addition to citrate, through a different yet unclear mechanism. Considering the different growth
behaviors observed in the present study, preliminarily, we suppose that MSA in solution is
responsible for the homogenous nature of the successive growth of the modified particles,
providing a stable and homogenous surface chemistry of the particles during the whole reaction
time.

It is noted that MSA is a stronger capping agent than citrate for gold, facilitating more
uniform and robust capping in competition with the surface-assisted reduction for growth, which is
favorable for suppressing the difference in surface reduction rates on different facets of a particular
particle and/or on different particles.

Taking the two cases together, it can be concluded that the modified and unmodified particles
might behave in different ways not only at the early stage for initiating the growth, i.e., the

deposition of the first layer(s) of newly reduced gold atoms, but also in the later on whole course of
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growing. The presence of MSA adsorbed on modified particles and in solution played important
roles in regulating the size distribution and the particle shape at different stage of growth. However,
further efforts should be made in order to clarify the seeding growth mechanism of MSA capped
gold particles, by studying the capping-decapping kinetics of MSA in the absence and presence of
citrate at different concentration ratios, and by probing the surface structure of particles at various

stage of growing.

5.1.4. Conclusion

Surface modification of citrate-reduced gold nanoparticles by MSA was carried out in
aqueous phase. This provides a way to obtain stable gold nanoparticles with a diameter of around
20 nm functionalised with surface carboxylic groups. The direct comparison with the
(unmodified) citrate-reduced gold colloids demonstrated that the modified nanoparticles exhibit

an improved stability against pH changes and cyanide etching.

5.2. Synthesis of monolayer protected gold nanoparticles

5.2.1. Introduction

Among the number of thiol derivatives with different chain length and functional groups
that were used in the synthesis and in surface modification of gold nanoparticles is
2-mercaptosuccinic acid (MSA). Up to now MSA was studied as a capping agent for gold
nanoparticles synthesized using the citrate reduction method.*® In 1999 Chen and Kimura® used
MSA in the presence of NaBHy as reduction agent for HAuCly. The synthesis was carried out in
methanol and resulted in gold particles with a size from 1 to 3.6 nm depending on the ratio
HAuCIL/MSA. In a recent work Negishi and Tsukuda *°* demonstrated the use of
dimercaptosuccinic acid (DMSA) and MSA as a reducing and capping agent for the synthesis of
small (size 1 — 3 nm) gold nanoparticles in water at room temperature.

Here 2-mercaptosuccinic acid as a reducing agent for hydrogen thetrachloroaurate is

employed as well, and syntheses are carried out at boiling temperature in aqueous medium. The
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scope of the presented study is to identify the molar ratios between HAuCly; and MSA which yield
gold nanoparticles. The size distribution of the particles is investigated as well as their chemical
surface structure and the stability of the resulting colloidal solutions. Implications of these results

on the mechanism of particles formation are discussed

5.2.2. Materials and methods

All reagents used in this section were the same as in section 5.1. Substrates for SEM
imaging and samples for FTIR were prepared as in section 5.1. The particles size was determined
from the gray scale bitmaps by a commercial software “Scion image 4.0.2 Beta” (Scion
Corporation). This software counts and measures features of interest. First a threshold is
determined automatically to discriminate objects of interest from surrounding background based
on their gray values. Connected groups of pixels above threshold are fitted as ellipsoids with major
and minor axis. The particle size was defined as the average of both axes.

The synthetic procedure was as follows:

100 ml 0.01% solution of HAuCl, in Milli-Q water were heated to boiling temperature in a
250 ml, two neck, round bottom flask equipped with a reverse condenser. The solution was stirred
at 700 rpm using a magnet stirrer. The molar ratio between HAuCly and MSA is adjusted by adding
the appropriate amount of (for example 12.5 ml in the case of a molar ratio 10:5) 10~ mol/l
aqueous solution of MSA, pre-neutralized by a stoichiometric amount of NaOH, with a burette (25
ml) to the boiling solution. The reaction is fast and for the molar ratios where small particles are
formed (see below), the color of the reaction mixture changes in about 30 s from pale yellow
through colorless and purple to red, which is a typical color for colloidal solutions of gold

nanoparticles a with size larger than 10 nanometers.

5.2.3. Results and discussion

UV-vis spectra of the resulting reaction mixtures for different molar ratios HAuCl, : MSA
are shown in fig. 5.7. In the following the molar ratios HAuCls : MSA will be referred as relative

concentration (in percent) of MSA to HAuCls. An absorption peak at about A = 525 nm is visible in
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the spectra with relative concentration of MSA between 50 % and 100 %. The peak maximum
almost does not shift but its intensity is decreasing with increasing molar portion of MSA. The
peak almost vanishes in the spectrum with a relative concentration of 110 %. A shift to
increasingly longer wavelengths is observed when the MSA concentration is reduced below 40 %.
A very weak absorption in the range of 500 nm — 800 nm is measured at MSA concentration of
10 %.

The maximum at about 300 nm, which is present in the spectrum of pure HAuCly, is also
seen in the spectra of the reaction mixtures with relative MSA concentrations of 30, 20 and 10 %.
In the spectrum with a relative MSA concentration of 110 % the absence of a plasmon resonance
band implies that no particles were formed or the particles are very small (particles with a size of

37
1-2 nm do not show a plasmon resonance).
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pure HAuCl, is shown for comparison.
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The peak at A= 525 nm for samples with a relative concentration of MSA between 50 and

100 percent is indicative for the presence of isolated gold nanoparticles with size between 10 and
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50 nm.***** The absorption maximum almost does not change but the intensity decreases, which
suggests that the increase of the relative concentration of the MSA leads to a decrease of the
amount of Au(0) in particles with radii above 5 nm since the extinction is proportional the amount
of gold in the solution.”® One possible explanation is that the increased concentration of MSA
involves more HAuCly in complexation reactions.

The observed red shift in the absorption maximum when the relative concentration of MSA is
reduced to 40 % and less suggests the presence of larger particles in the solution. Irregularly
shaped particles or particle aggregates would lead to similar effect but this can be excluded from
the SEM investigations discussed below.

From the peak intensity at A = 300 nm it can be deduced that for MSA concentrations
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Figure 5.8. (a) SEM image of gold nanoparticles synthesized using a relative MSA concentration

of 100%. (b) The corresponding size distribution.

below 30 % the amount of MSA is not sufficient to reduce all HAuCly, leaving free HAuCly in
solution. In addition the amount of MSA may be insufficient for a complete coverage of the
surface.

The size and morphology of the synthesized particles was investigated by SEM. Gold
nanoparticles obtained with a relative MSA concentration of 100 % are shown is fig. 5.8. The
particles appear close to spherical with an average size of 24.6 nm and a relatively broad size
distribution (average deviation of the mean size of 5.1 nm).

Fig. 5.9. shows the calculated average size and average deviation as a function of the
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relative concentration of MSA between 40 % and 100 %, the range of concentrations where stable

gold particles were formed
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As a trend it could be deduced that increasing the molar portion of MSA leads to the
formation of smaller particles. Generalizing, the size distribution is rather large but the size of the

produced particles can be adjusted between 45 nm and 17 nm simply by varying the molar ratio of

HAuCl, to MSA.

Figure 5.10. SEM images of gold nanowires obtained using a relative MSA concentration of 10%.

One interesting phenomenon was found for a MSA concentration of 10 %. In this case gold
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nanowires as well as a number of small particles are formed as shown in fig. 5.10. The average
cross section of a single wire is 15 nm and the length is typically in the range of micrometers. More
details about the synthesis, structure and morphology of the gold nanowires will be given in

section 5.3.

Transmission

1900 1800 1700 1600 1500 1400
Wavenumber [cm]

Figure 511.. FTIR spectrum of a solid precipitate of the particles dispersed in a KBr pellet.

FTIR was measured in order to reveal the chemical surface structure of the gold
nanoparticles. The spectrum is shown in fig. 5.11. The IR spectrum exhibits clear peaks at around
1710 cm™ for the stretching of C=0 in the free <COOH and at around 1390 cm™ for the symmetric
stretching of COO’, suggesting a stable carboxylic group-carrying species (partially dissociated)

I 1 This observation correlates well with the findings of

on the surface of the gold particles.
Negishi and Tsukuda®, and Chen and Kimura.” Most likely the surface of the particles is covered
by products of the reaction. These are disulfide species, which carry carboxylic functional
groups.* They are bound to the surface of the particles by a covalent Au-S bond owing to the well
known Au-S chemistry. It might be possible that also other species as Au-MSA complex and
unreacted MSA molecules are deposited on the surface of the particles. The fact that the surface of
the particles is negatively charged is supported by the possible electrostatic deposition on a silicon

wafer modified by 3-APTES. A substrate modified in such fashion carries amino groups on its

surface and is positively charged in water.
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Figure 5.12. Particles synthesized with a relative MSA concentration of 20 % immediately after

synthesis (a) and after 1 month (b).

A stability study was conducted on the gold nanoparticles obtained by this method. An
aging effect was observed at the sample synthesized with a relative concentration of 20 % MSA.
The particles shown in fig. 5.12.a are deposited on a silicon wafer approximately 5 hours after
synthesis. The diameter of most of the particles is below 10 nm but also some larger particles with
a size of about 25 nm can be seen. The solution was sealed and left at ambient conditions. The
color of the as prepared solution was dark gray. It was noticed that with time the color of the
solution changed tending to pale brown-red as the solution became more turbid with some
precipitations, which could be redispersed by shaking. After one month particles from the solution
were deposited on a silicon wafer and imaged again. It can be seen in fig 5.12.b that the particles
have grown as the size of most of them exceeds 200 nm. It seems the big crystals are grown bigger
at expense of the smaller particles. Another inspection after 6 months showed that the size of the
particles remains unchanged. This effect does not occur when the relative concentration of MSA is
40 % or higher. The colloidal solutions for these ratios keep their color with time and no visible
precipitation is observed. The effect of aging correlates well with afore-mentioned that when the
relative concentration of MSA is 30 % or below, it is not sufficient for a complete surface coverage
of the particles. In addition the leftover HAuCl,4 might contribute to this slow process of growing.
It is possible that active centers existing on the surface lead to coalescence of the particles. Since in
the process of coalescence the surface area is reduced, at a certain moment the amount of capping

agent in the solution is sufficient for a complete coverage of the surface of the particles. The exact
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kinetic of the aging phenomenon has not been studied. It is possible that particles first form
aggregates and then merge in homogeneous crystal. This is an interesting point, which deserves
attention in the future.

It is known that MSA can serve as a reducing agent for HAuCl,.” * It was found that MSA
reduces Au(Ill) to Au (I) with oxidative formation of disulfide species and complexation of Au(I)
with the remaining MSA. Also, MSA at particular ratios can reduce Au(Ill) to Au(0) with the
formation of small gold nanoparticles with a size of 2-3 nm as demonstrated by Negishi and
Tsukuda.” In that case the reaction is carried out at ambient temperature and in aqueous medium.

For our case this implies that probably first complexation of the reduced Au(I) ions with
MSA occurs and as a next step reduction to Au(0). It is likely that the complex formed, which has
oligomeric” '* character aggregates into small nuclei and afterwards the Au(III) reduced to Au
atoms contributes to the growth of the nuclei.

The rather large size distribution suggests that nucleation occurs during the whole course
of the reaction. The nuclei which are formed at an early stage of the reaction will grow larger in
comparison to those formed at later stage due to the complete consumption of the HAuCly or the
reduction agent (MSA).

The molar ratio between HAuCly and MSA plays an important role on the size of the
produced particles. If the concentration of MSA is below 30 %, this leads to an incomplete surface
coverage. The latter causes an aging effects and the formation of nanowires observed from MSA
concentration of 20 % and 10 %, respectively. On the other hand when the MSA concentration is
above 100 % the processes of complexation between MSA and Au(I) dominates and no particles

are formed.

5.2.4. Conclusion

In conclusion, it was demonstrated that monolayer protected gold nanoparticles with a
diameter exceeding 10 nm can be synthesized by a simple one-step reaction in aqueous medium,
involving MSA as both reduction and capping agent. It is believed based on the well established
Au-thiol chemistry that a portion of MSA couples on the surface of the particles providing

carboxylic functionalities. It was also demonstrated that the size of the particles depends on the
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relative concentration of MSA used in the synthesis. For MSA concentrations of 110 % and higher,
no particles were found in the reaction mixture and below MSA concentrations of 30 % the gold
sols are unstable. In the latter case the concentration of MSA is too low, hence the surface coverage
of the particles is not complete, which leads to aging effects of the resulting colloidal solutions.
This from itself leads to some unusual effects like the formation of crystalline gold objects with
curious shapes. This new route of synthesis also provides the possibility of formation of gold
nanowires, which may open new prospective in nanoengineering as wiring of electric circuits at
the nanoscale. Monolayer protected gold nanoparticles synthesised by this simple new route could
be interesting in applications as cell imaging, DNA labels, catalysts or optical sensors, applications

where narrow size distribution is not required.

5.3. A simple, one step synthesis of gold nanowires in aqueous solution

5.3.1. Introduction

Considerable effort has been concentrated on the structuring of material at the nanometer
scale. These activities were motivated on the one hand by the expectation that the classical "top
down" strategies in microelectronics will have to be complemented by a "bottom up" to further
decrease feature sizes. On the other hand, structure at the nanometer scale can drastically alter
material properties, which beyond being interesting from a fundamental point of view, opens the
way to tailor superior materials for application®***®*’_An important structure are metallic wires
with diameters in the range of a few nanometers™, being necessary in any electronic circuit in
future nano-devices. Here, particularly gold and silver play an important role due to their high
electrical conductivity and chemical inertness. Gold nanorods with aspect ratio up to 20 have been

32,33,49

synthesized in solution while various templating strategies had to be employed to obtain

gold nanowires with higher aspect ratio. Wire formation on lithographically prepared templates,™

51,52 . - - - .48, 49, 53,54 o
*°“in organic and inorganic nanoporous media, " 77" in cylindrical core-shell polymer

57,58

brushes and on DNA,>°® and by organizing gold nanoparticles in 1D arrays were reported.
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Xia et al”” ® have demonstrated the synthesis of silver and lead nanowires by a high-yield solution
-phase method, leading to nanowires with typical diameters of 30-40 nm and lengths up to 50 pm.
They pointed out that a simple one-step solution-phase approach offers high flexibility together
with cost-effectiveness for future applications.

In this chapter a simple solution-phase synthesis yielding gold nanowires with no apparent
upper limit in length is described. Hydrogen tetrachloroaurate (HAuCly) and 2-mercaptosuccinic
acid (MSA) as reducing agent reacted in aqueous solution with no additional capping agent being

required.

5.3.2. Experimental

Materials: All materials and cleaning procedures were as in the previous sections (5.1 and 5.2)

Synthesis: 100 ml of a 0.01 wt. % solution of HAuCl, in Milli-Q water are heated to 100 °C in a
250 ml, round bottom, two-neck flask equipped with a coiled condenser. 2.5 ml 10~ mol/l aqueous
solution of MSA are pre-neutralized by a stoichiometric amount of NaOH and added by a burette
of 25 ml to the boiling solution, leading to a molar ratio of 10 to 1 between HAuCly and MSA. The
reaction mixture is stirred at 700 rpm. Its colour changes from pale yellow before to
colourless/greyish after the addition of MSA within a time period of 10 min. The mixture is kept at
boiling temperature and stirred for 10 more minutes and then gradually cooled down to ambient

temperature.

Microscopy: The SEM images were recorded by a LEO 1500 field-emission scanning electron
microscope (LEO Electron Microscopy Ltd). TEM was measured by a LEO EM912 Omega
electron microscope (LEO Electron Microscopy Ltd). The AFM images were recorded in tapping

mode by a Digital Instruments Nanoscope III Multimode (Veeco).
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5.3.3. Results and discussion

In order to investigate the morphology of the reaction product, a silicon wafer was

premodified by a monolyer of 3-aminopropyltri-ethoxysilane (3APTES) and exposed to the

Figure 5.13. Scanning electron micrographs of the gold nanowires a, b) deposited on a silicon
wafer pre-modified by 3-APTES. c) Deposited on a silicon wafer by drying a droplet of the

reaction solution
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solution for 2 hours, allowing for selective electrostatic deposition of isolated negatively charged
species from solution. In addition, a droplet of the solution was dried on a Si wafer in order to view
the complete solid-phase content. In Fig. 5.13., images recorded on these samples with a scanning
electron microscope (SEM) are displayed. In Fig 5.13. (a) and (b) single nanowires with lengths of
several microns can be seen. Apart from the wires, some particles with aspect ratios close to one,
showing round, triangular or polyhedral shape are found on the surface. Since these species in
solution adsorb on a positively charged surface, they appear to be negatively charged. The wires
sometimes end in larger spherical or triangular structures, at least the triangular ones suggest
monocrystallinity. The wires themselves appear curly and twisted. Fig 5.13.c shows that a huge
amount of nanowires is present in solution, indicating a satisfying reaction yield. Again, as a
particular feature of most of the wires one can identify a crystalline plate at one end, which usually

has a triangular shape and sometimes exceeds 100 nm in size.

Figure 5.14. Transmission electron micrograph of a gold nanowire. b) is a magnification of the

assigned area in a)

Transmission electron images (Fig. 5.14. (a) and (b)) recorded with wire samples prepared
according to standard procedures show a strongly varying contrast along the wire with domains of

different grey tones alternating. These domains with a typical size comparable to the wire diameter

84



5. Gold nanoparticles and gold nanowires — surface modifucation and synthesis

are interpreted as monocrystalline domains in a polycrystalline structure built of crystallites of
different orientation, which scatter the electron beam in different ways. In Fig. 5.14.b, the wire
diameter can be directly measured to be roughly 15 nm.

A gold nanowire imaged by AFM is shown in Fig. 5.15. The topographical image depicts
regions with different height. Cross-sections orthogonal to the wire yield apparent wire diameters
between 15 nm and 40 nm. This suggests that some portions of the wire extend away from the
surface. The AFM phase image (Fig 5.15.b) shows an identical contrast along the wire, indicating
a uniform material.

Additional information about the nature of the wires was obtained in a single-wire
conductivity and manipulation study, which was done in cooperation with Dr. Michael Wilms.

These experiments were performed by a nanomamipulation device, which could be inserted in the

vacuum chamber of an SEM apparatus, thus allowing in situ observations.

Figure 5.15. AFM images displaying topology (a) and phase (b) of a single nanowire. The z scale
in a) is 100 nm.

In the conductivity measurements a wire was placed with both ends on two substrate gold
electrodes as shown in fig. 5.16.a). A total resistance of R; = 600 Q was measured in that case. This
value includes the two contact resistances between nanowire and electrodes as well as the feed line

resistances of the thin substrate electrodes. The total resistance was independent of the applied
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voltage (0 — 100 mV) indicating an ohmic (metallic) behaviour of the nanowires. In another
experiment the wire was placed only with one end to the substrate electrodes and contacted by the
tip serving as a second electrod (Fig. 5.16.b). The flexibility of the tip electrode offered the
possibility to vary the distance between the two contacts, so that the resistance (R) versus length (L)
could be measured. The dependence R/L shows linear character which indicates that the contact
resistances between tip and wire are largely reproducible assuming ohmic behaviour and

homogeneity of the wire. The extrapolation for the length L = 0 gives the sum of all contact and

feed line resistances of the circuitry (3 Res= 375 Q). With the wire radius r = 8 nm taken from a

high resolution image and the inverse slope AL/AR = 3um/575Q the intrinsic conductivity 0 of

the nanowire is calculated:

0 =AL/ARn*=> 0 =2.6x 107 S/m

Figure 5.16. a) Gold nanowire bridging two substrate gold electrodes. b) The one end of a gold
nanowire is deposited on a substrate electrode and the tip is used as a second electrode. c) A

nanowire contacted by the two tip-electrodes.

86



5. Gold nanoparticles and gold nanowires — surface modifucation and synthesis

Figure 5.17. Nanomanipulation. A gold nanowire before (a) and after cutting by the tip and

forming letters b).

This result of specific conductivity of 2 x 10’ S/m which is close to the bulk gold value (4.3 x
10" S/m), thus giving the most convincing evidence that these structures are continuous gold
structures and may be used as wires in electronic applications. Using two tips for contacting (Fig.
5.16.c), almost any wire on the chip could be measured.

By increasing the applied voltage or reducing the distance between the tips at constant
voltage, the current density could be increased until the rupture of the wire. From many such
measurements a maximum current density of jmax =4 X 10° A/mm? was calculated (current density
just before the wires failed). This value is more than three orders of magnitude higher than, for
example, the allowable current density in conventional metal wires like those used in house wiring.
The extremely high surface to volume relation of nanowires is the cause for the required large heat
dissipation.

In addition, it was demonstrated there that the wires are flexible enough to be deformed
without rupture, this allowing for the fabrication of simple structures such as letters without

breaking (fig. 5.17). (More detains about the nanomanipulation device and the measurements
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could be found in ref. *")

The mechanism responsible for the formation of the gold nanowires has not yet been
clarified. It has been found* ** that MSA reduces the Au(III) present in HAuCly to Au(I) with the
oxidative formation of a disulfide species and complexation of the Au(I) with the remaining MSA.
This complex has oligomeric even polymeric character and a high density of gold atoms. The
previous section 5.2 as well as a recent publication®” by Negishi and co-workers demonstrated that
MSA also can reduce HAuCl, to Au(0) at ambient temperatures with the formation of small gold
nanoparticles ranging from 2 to 3 nm in size. These findings agree with our observation of bulk
gold features in our reaction mixture but the formation of the wire-like morphology requires
additional clarification. Most likely MSA and the Au-MSA complex are capping certain facets of
the growing crystals thus exposing selectively the non-capped facets to further growth. A similar
mechanism was described by Xia for the synthesis of silver and lead nanowires®* ®°, where PVP
serves as a capping agent.

It was observed that only at a HAuCl, : MSA ratio < 10:1 wires are formed while for ratios
between 10:2 and 10:10 the reaction product consists of nanospheres with variable main size. For
an even higher relative concentration of HAuCls, no particles could be detected by SEM but
crystals with sizes below 2 nm may be present. These experimental facts support the interpretation
of the wire growth mechanism being due to the competition between capping and growth.

Nonetheless, a single growing crystal facet would lead to monocrystalline, straight wires.
Such morphologies are indeed observed by Xia, but not in our experiment. The polycristallinity of
our structures may be due to twinning at the growing surface or due to fusion with existing

particles from solution and subsequent annealing of the junction points.

5.3.4. Conclusion

In conclusion, the synthesis of long gold nanowires in aqueous solution was demonstrated.
The method is simple and does not require the use of any additional surfactants. The inherent
curvature of these wires leads to a high flexibility which is a prerequisite for their manipulation. In

addition, real "bottom up" wiring of electronic circuits will require the directed growth of the wires
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along nontrivial paths. For this goal, inherently curved wires may prove technologically important.
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6. Plasmon coupling between a flat gold interface and gold nanoparticles.

6.1. Introduction

In this outlook oriented chapter the applicability of the multilayered system used in
chapter 4.1., for the study of the behaviour of fluorohpores in the vicinity of more complex metal
objects as colloidal gold nanoparticles will be described.

SPR in combination with gold nanoparticles for enhancement of the sensitivity of the

1234 1 addition the coupling between a metal

instrument has been explored in several works.
layer and a layer of small silver particles in SiO, matrix was studied by Kume et al..> " The
effect of the separation distance between an Aluminium film and a Ag-SiO; layer as well as the
thickness of the Ag-SiO; layer on the reflectivity and scattering spectra were investigated.

In this study, colloidal gold nanoparticles with size of about 17 nm were deposited onto
polyelectrolyte spacers thus providing variable separation distance between the gold particles

and a gold film. The reflectivity spectra obtained at wavelengths between 480 and 780 nm were

analysed and the optical constant of each layer extracted.

6.2. Experimental

Samples for this experiment we re prepared as follows. Ultraflat gold surfaces were
deposited on glass BK7 by the method of template striping gold from mica (described in Chapter
3.3.). The gold film was then functionalised by a self assembled monolayer of 3-
mercaptopropionic acid (procedure described in chapter 3.1.) thus providing carboxylic end
groups on the surface which are dissociated in water. A multilayered system of polyallyl amine
(PAH) and polystyrenesulfonate (PSS) was build on the surface starting from a positively
charged layer of PAH as described in Chapter 3.2. The number of layers was varied in order to
provide different separation distance between the gold interface and the layer of gold
nanoparticles. Samples composed of 1, 3, 5, 7, 9 layers were prepared. The deposition was
always terminated by a positively charged layer of PAH in order to allow for the electrostatic
deposition of negatively charged gold nanoparticles on the top.

Gold nanoparticles were synthesized by the method of reduction of hydrogen
tetrachloroaurate by 3-sodium citrate. The synthetic recipe is described in Chapter 3.4. The
surface of the particles was then modified by 2-mercaptosuccinic acid according to Chapter 5.1.

The deposition of gold nanoparticles on polyelectrolyte surface was performed for 10 minutes as
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the colloidal solution of gold nanoparticles was diluted 2 times before use. The dilution was
necessary in order to minimize the particles aggregations on the surface.

Scanning Electron Microscopy and Atomic Force Microscopy inspections were done in
order to prove the quality of the samples.

Fig. 6.1. shows the surface of a multiplayer system composed of 4 bilayer PSS/PAH
deposited on a silicon wafer premodified with 3-APTES. This SEM image reveals a large area of
the surface (about 4 x 3 microns). Only single particles and no aggregations are present on the
surface.

Since SEM provides information only about the lateral characteristics of the surface

AFM was involved in order to reveal the properties of the sample in vertical direction. One

Figure. 6.1. SEM image of gold
nanoparticle on polymer spacer
consisting of 4 bilayer PSS/PAH
deposited  on  silicon  wafer

premodified with 3-APTES.

topology AFM image of the surface of a sample consisting of 9 layers PAH/PSS deposited on
template stripped gold film is shown in fig. 6.2. Again no aggregations of particles are seen on
the surface. The particles size measured in z direction is about 17 nm. Also the very smooth
surface of the polyelectrolyte spacer is notable. A cross section shows the same height of all
particles, which suggests: first a narrow size distribution and second that the particles do not sink
into the polymers.

The optical response of the system was investigated by a Surface Plasmon Spectrometer
which is described in Chapter. 3.6. Small modifications were made. As a light source a lamp
with large spectral range was used. The light was then coupled to a monochromator (HoloSpec™
£/1.8i holographic imaging, Kaiser Optical Systems, Inc.) which allowed the selection of a
very narrow wavelength region (1-2 nm) in the range between A = 480 — 780 nm. The light with
the selected wavelength was coupled through an optical fibre to a collimator. The collimated

light beam then passed the same optical elements like in fig. 3.7. The detection of the reflected
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light was done by a photomultiplier tube since the conventional silicon photodiode was not

sensitive enough. For the alignment of the instrumentb a He-Ne laser was used.
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Figure 6.2. AFM image and the corresponding cross section of gold nanoparticles deposited on

a polymer spacer consisting of 9 layers PAH/PSS deposited on a template stripped gold film

In order to detect the light intensity at the base of the prism due to scattering loses or/and
coupling between the surface plasmon resonance of the gold substrate and the plasmon
resonance on the gold nanoparticles the sample was fixed at the angle of excitation of surface
plasmon resonance. A He-Ne laser was used for excitation. The PMT was moved at the base of
the sample of a range between +50 and —50 degree (if 0 degree corresponds to the point of

intercept to the normal of the sample).
6.3. Results and discussion

Reflectivity scans of a sample with three layers (PAH/PSS/PAH) are shown in fig 6.3.
The solid lines represents samples without gold nanoparticles and the makers show the scans
after the deposition of gold nanoparticles. The wavelength used is depicted as a number 1 — 480
nm, 2 — 520 nm, 3 — 570 nm, 4 — 620 nm, 5 - 670 nm, and 6- 750 nm. Several features should be
noted. With increasing the excitation wavelength the minimum of the reflectivity shifts to a
lower angle and the dip becomes narrower. The intensity of the reflected light before the angle of
total internal reflection increases with increasing the excitation wavelength. After deposition of
gold nanoparticles a shift to a larger angle for all reflectivity spectra is observed as the width of
the resonance broadens. In addition after deposition of gold nanoparticles, at a wavelength larger

than 550 nm the minimum of the reflectivity is deeper in comparison to the spectra without gold
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nanoparticles. Such reflectivity scans were detected for samples consisting of 1, 3, 5, 7, and 9

polyelectrolyte layers as the wavelength used was in the range 480 — 780 nm in steps of 10 nm.

Reflectivity

60
0. [degree]

Figure 6.3. Reflectivity spectra of a sample composed of 3 layers with (crosses) and without
(solid curves) gold nanoparticles. The scans are at wavelengths of 480 nm (1), 520 nm (2), 570
nm (3), 620 nm (4), 670 nm (5), and 750 nm (6).

All reflectivity scans were analysed by the matrix evaluation method (Chapter 2.1.1.4.).
Thus the thickness and the dielectric constants for each layer can be determined. The thickness
of the gold layer was found to be 40.6 nm. The effective thickness of the dielectric spacer was
1.1 nm, 4.6 nm, 11.4 nm, 18.4 nm, and 27 nm for 1, 3, 5, 7, and 9 layers, respectively. In the
analysis the gold nanoparticles were modelled as a continuous layer and the thickness of this
layer of gold nanoparticles was assumed to be 5 nm. Interesting is the behaviour of the gold
nanoparticles when they are placed at different separation distance to the gold film. Fig. 6.4.a
and 6.4.b show the real and imaginary part of the effective dielectric constant of the layer of gold
nanoparticles as a function of the excitation wavelength. The real part of dielectric constant
(6.4.a) for particles at the closest separation distance exhibit highly negative values almost like
bulk gold. With increasing the separation distance the particles behave less metallic. Also
notable is the higher values of the real part of the dielectric function at a wavelength of about
520 nm for the smallest spacer thickness which could be attributed to the plasmon resonance of
the gold nanoparticles. This feature is available for all separation distances as the maximum
shifts to a longer wavelength and broadens with increasing the spacer thickness. A similar trend
is seen with the imaginary part of the dielectric constant of the layer of gold nanoparticles. With
increasing the separation distance the values of the imaginary part of the dielectric constant

decrease. In the sample consisting of 3 polymer layers a maximum in the imaginary part of the
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dielectric constant at the wavelength of plasmon resonance of the gold nanoparticles is found.
Similarly as in the real part of the dielectric constant for the same sample, this peak at about 520
nm is very strong interpreted as an enhanced plasmon resonance of the gold particles. With

increasing the separation distance this peak shifts to a longer wavelength and broadens.

| I I [ [ [
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Figure 6.4. The real part (a) and the imaginary part (b) of the dielectric constant of the layer of
gold nanoparticles as a function of the wavelength of excitation for samples with different
thickness of the polymer spacer: 1.1 nm (filled circles), 4.6 nm (filled triangles), 11.4 nm

(crosses), 18.4 nm (open squares), and 27 nm (open triangles).

At the very close separation distance (1 layer) the gold nanoparticles show high absorption,
which spans over a long wavelength range (500-650 nm), then slightly decreases and then
increases again. This is due to the so called gap mode at the very proximity of the gold
nanoparticles to the gold substrate caused by the multipoles that are induced by the image dipole
in the substrate.'?

The light intensity emitted behind the sample was also measured. Fig. 6.5. shows these
measurements. The intensity of the scattered light after deposition of gold nanoparticles is 6
orders of magnitude stronger that in the case of bare polymer surface. Scattering pattern was not
observed. This is due to the excitation wavelength (632.8 nm) used in these measurements.

The results described above imply that the surface plasmon field excited at the flat gold
interface excites a local plasmon field into the gold nonoparticles. The strength of coupling
between both fields decreases with increasing of the spacer thickness. This leads to a different
optical response of the gold nanoparticles when they are deposited at different separation

distance to the gold interface.
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6.4. Conclusion

A controlled multilayered system consisting of metal layer, polymer spacer with variable
and defined thickness, and a layer of separate gold nanoparticles was constructed. The optical
response of the system in Kretschmann configuration was determined. The dielectric constants of
the layer of gold nanoparticles at different separation distance to the gold layer and wavelength
were extracted showing distinct reduction of the metallic response of the gold nanoparticles.

This work is the fundament of a possible new research approach for study the
fluorescence emitted from dye molecules near metal objects with complex structure. The
enhanced electromagnetic field around the gold nanoparticles as well as the coupling with the
surface plasmon field of the gold substrate could result in an enhanced fluorescence emission.
This could lead to better understanding of the fluorescence phenomenon as well as the

development of new sensor techniques.
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7. Summary and Outlook

The results of this work can be separated in two parts — the experimental and theoretical
assessment of the fluorescence in the vicinity of a flat gold interface, and the surface
modification and synthesis of gold nanoparticles and gold nanowires. At the end first steps to a
more complex study on the fluorescence intensity near more complex objects as gold
nanoparticles were done.

A defined multilayer architecture at the nanometer scale for the study of the fluorescence
in the presence of a metal interface was designed and precisely experimentally implemented. An
ultrasmooth gold film was used in combination with self-assembled monolayers and layer-by-
layer deposition of polyelectrolytes allowing for the separation of fluorescing dyes from a gold
interface in a controlled and precise manner. The characteristics (thickness, roughness, optical
constants) of the layers were fully analysed by a variety of techniques (Small Angle X-ray
Reflectivity, Atomic Force Microscopy, Surface Plasmon Spectroscopy).

In Chapter 4 the behaviour of fluorescing dyes at a planar metal-dielectric interface was
investigated in Kretschmann configuration. The fluorescence intensity, angular distribution of
the emission, and photobliching rate of fluorescing molecules placed at different separation
distance to the gold interface were experimentally and theoretically evaluated. A perfect
correlation between theory and experiment was found for a separation distance larger than 15
nm. Surprisingly, a clear discrepancy between measurement and experiment was determined at
very close proximity to the gold layer, though experiments on the excitation lifetime of europium
complex conducted by other researchers showed very good correlation to the theory. In order to
clarify that, the problem was addressed on single molecule level which confirmed the results
with an ensemble of molecules. One speculation on the reason for the discrepancy between the
results described here and others results may imply that this is due to the stronger oscillator
strength of fluorophore used in the current study (compared to the Europium complex which is
phosphorescent) which leads to stronger interaction with the gold interface. Another reason
could be the ultrasmooth gold interface used in experiments described here, since it is known
that rough metal surfaces can lead to enhancement of the fluorescence. Moreover, it is known
that the very elegant Langmuir-Blodgett deposition technique used in the experiments before,
often leads to films with pinholes, defects and domains which will be a reason for
inhomogeneous distribution of the dye in vertical direction. Although, the complete

understanding of the effects described above might need further experimental and theoretical
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attention, this study is a significant contribution to the application of Surface Plasmon
Fluorescence Spectroscpy as an analytical tool for detection of surface recognition reactions as
well as in all processes were a fluorescing dye is used with a metal interface.

The second part of this work was dedicated to gold nanoparticles and gold nanowires
(Chapter 5). Firstly, the undefined shell of physically adsorbed ions on the surface of citrate
reduced gold nanoparticles was exchanged by a self-assembled monolayer of 2-mercaptosuccinic
acid. Series of comparative tests unambiguously proved a successful surface modification
expressed in a better pH stability and cyanide dissolution resistance. Then a new route for the
synthesis of monolayer protected gold nanoparticles with size above 10 nm was established. The
syntheses were conducted in aqueous medium as only HAuCly and 2-MSA were used, without
employing any additional reduction agent. This new synthesis can be very useful in cell imaging,
DNA labels, catalysts or optical sensors, applications where narrow size distribution is not
required. At a particular molar ratio between the reagents this new synthesis resulted in gold
nanowires. The synthetic procedure is simple, one step, conducted in aqueous medium and
without the use of any additional surfactants. The length of the gold wires is in the order of
micrometers and the cross section down to 15 nm. Surface analytical techniques such as SEM,
TEM and AFM were used in order to clarify the structure and morphology of the wires.
Conductivity measurements of a single wire proved its metallic properties. The suitability of the
wires for nanomanipulation as well as the very high current density suggests their usefulness for
application in nanoelectronic devises. The synthesis of nanowires in solution is also interesting
from a point of view to reaching the gram scale production and their use as fillers, since the
production of a composite conducting material will require 10 times less material if metal
particles are exchanged with wires.

Pursuing the ultimate goad, or the behaviour of fluorescing dyes near more complex
metal objects, a multilayered architecture involving a gold interface and gold nanoparticles,
which were separated by a well defined polymer spacer was constructed. The properties of the
system were fully characterized by surface and optical analytical techniques. The optical
constants of the gold nanoparticles were found to be strongly dependent n the separation distance
to the gold interface.

In an outlook, a next step of research involving the multilayered system described in
Chapter 6 could be the deposition of fluorescing dyes around the gold nanoparticles. The
plasmon field of the gold nanoparticles, excited by the surface plasmon field of the flat gold
interface could lead to a modification of the emission rate of the fluorophore expressed in an

enhanced emission. The direct consequence of that could be an improved sensitivity of the
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instrument. Another possible variation could be the deposition of a polymer spacer around the
gold nanoparticles. This could happen in solution or on surface. Then the influence of the
separation distance between the curved interface of the gold nanoparticles and a fluorescing dye
can be investigated. Another approach can be the deposition of fluorophore between two gold
nanoparticles or a gold nanoparticle and a flat gold interface. In this case the enhanced
electromagnetic field between the two metal surfaces will impact on the radiative emission of the
dye.

This work is to be understood as a small step toward the understanding of the behaviour
of fluorescing species in the vicinity of a metal interface. For complete revealing of the
corresponding phenomena more work should be done in the future. Due to its complexity, the
research should involve the efforts of interdisciplinary teams composed of scientists with diverse

background.
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Zusammenfassung

Heutzutage ist die Fluoreszenz-Spektroskopie eine verbreitete Methode in der
biomedizinischen Forschung und die am meisten genutzte Methode in der medizinischen
Diagnose, der DNA-Sequenzanalyse und der Genomforschung. Die Grundlagen der
Fluoreszenz sind einschlie8lich der Faktoren, die die Emission beeinflussen, wohlverstanden
(z. B. Quenching, Umwelteinfliisse, Resonanzenergietransfer und Rotationsenergie). Die
Fluoreszenz-Spektroskopie wird zur Untersuchung der Struktur und Dynamik von
Makromolekiilen und deren Wechselwirkung untereinander eingesetzt. Die Intensitéts-,
Energietransfer- und Anisotropiemessung sind weit verbreitete Methoden in der DNA-
Hybridisierungsmessung, der Arzneimittelentwicklung und der HIV-Analyse.

Es ist bekannt, dal sich das Verhalten fluoreszierender Verbindungen in der Umgebung von
metallischen Objekten verdndert. Dies kann zur Abschwichung (ebene Metallgrenzflidche)
oder Verstiarkung (rauhe Metalloberfldche, Metallpartikel) der emittierten Fluoreszenz fiihren.
Das Ziel dieser zukunftsweisenden Arbeit ist die Erforschung des Verhaltens eines
Fluorophores in der direkten Umgebung einer Metalloberfliche, da das Verstidndnis des
zugrunde liegenden Phédnomens sehr wichtig fiir alle Prozesse ist, in denen fluoreszierende
Farbstoffe an Metalle angrenzen (Solarzellen, LED’s) insbesondere fiir Anwendungen in der
Sensorik.

Die Ergebnisse dieser Arbeit kdnnen in zwei Abschnitte eingeteilt werden: Die experimentelle
und theoretische Untersuchung der Fluoreszenz an ebenen Goldgrenzflichen und die
Synthese und Oberflichenmodifizierung von Goldnanopartikeln und — nanodrihten.
AbschlieBend wurden erste Untersuchungen zur Fluoreszenzintensitit in der Umgebung
komplexer Objekte durchgefiihrt.

Zur Untersuchung der Fluoreszenz in Gegenwart metallischer Grenzflichen wurde ein
definiertes Mehrlagensystem im nm-MaBstab dargestellt und experimentell untersucht. Eine
sehr glatte Goldschicht wurde zusammen mit einer sich selbst anordnenden Monolage und
einer schichtweisen Anordnung von Polyelektrolyten benutzt, um einen fluoreszierenden
Farbstoff in einem kontrollierbaren Abstand von der Goldoberfliche anzuordnen. Die
charakteristischen Eigenschaften (Schichtdicke, Rauhigkeit, optische Eigenschaften) dieser
Schichten wurden mit verschiedenen Techniken (Kleinwinkel-Rontgenreflektivitit, Raster-
Kraft-Mikroskopie, Oberflichen-Plasmonenspektroskopie) untersucht.

In Kapitel 4 wird das Verhalten fluoreszierender Farbstoffe auf einer flachen metallisch-
dielektrischen Oberflache in Kretschmann-Anordnung untersucht. In diesem Kapitel wurde
die Intensitdt der Fluoreszenz, die Winkelverteilung der Emission und die Bleichungsquote
von fluoreszierenden Molekiilen, die sich in unterschiedlichen Abstinden von der
Goldoberfliche befinden experimentell und theoretisch untersucht. Die Ergebnisse der
theoretischen und experimentellen Versuche stimmen ab einem Abstand von 15 nm iiberein.
Uberraschenderweise kommt es aber bei kiirzeren Abstéinden zu Abweichungen zwischen der
Theorie und dem experimentellen Ergebnis, obwohl Experimente mit den entsprechenden
Europium-Komplexen {iiber die Lebensdauer im angeregten Zustand eine gute
Ubereinstimmung zur Theorie ergeben. Um dieses Problem zu kliren wurden auch einzelne



Molekiile untersucht, die das vorherige Ergebnis aber bestétigten. Eine mogliche Ursache fiir
die Diskrepanz zwischen den hier beschriebenen und den bisher bekannten Ergebnissen kann
die stirkere Oszillator-Kraft der hier verwendeten Fluorophore (im Vergleich zu den
phosphoreszierenden Europium-Komplexen) sein, die zu stirkeren Wechselwirkungen mit der
Goldoberfliche fiihrt. Eine weitere Ursache fiir die Abweichung von den bekannten
Ergebnissen ist moglicherweise die hier benutzte sehr glatte Goldoberfliche, da
bekanntermaflen rauhe Metalloberflichen zu einer Steigerung der Fluoreszenz fithren. Ferner
ist es bekannt, daB die frither benutzte Langmuir-Blodgett-Abscheide-Methode zu
Oberflachen mit Lochern, Fehlern und Bereichen mit inhomogener Verteilung der Farbstoffe
in senkrechter Richtung fiihrt. Obwohl es zum vollstindigen Verstindnis der hier
beschriebenen Effekte weiterer experimenteller und theoretischer Anstrengungen bedarf, ist
diese Arbeit ein wichtiger Beitrag zur Anwendung der Oberflichen-Plasmonen-
Fluoreszenzspektroskopie als Analysenmethode fiir Reaktionen auf Oberflichen und fiir
Vorginge bei denen ein fluoreszierender Farbstoff an einer metallischen Grenzfliche benutzt
wird.

Der zweite Teil dieser Arbeit befasst sich mit Goldnanopartikeln und — nanodréhten (Kapitel
5). Zunéchst wurde die physisorbierte Citrat-Hiille von Citrat-reduzierten Goldnanopartikeln
gegen eine selbstorganisierte Monolage von 2-Mercaptobernsteinsdure ausgetauscht. Eine
Reihe von Versuchen hat eindeutig bewiesen, dall diese Oberflichenmodifikation zu einer
besseren pH - und Cyanidstabilitidt der Goldnanopartikellosung fiihrt. Weiterhin wurde ein
neuer Syntheseweg zur Darstellung monolagen-geschiitzter Goldnanopartikel (< 10 nm)
gefunden. Die Darstellung erfolgt ohne Zugabe weiterer Reduktionsmittel im wiBrigen
Medium aus Chlorgoldsédure und 2-Mercaptobernsteinsdure. Dieser neue Syntheseweg kann
sich in der Zellabbildung, der DNA-Analyse, der Katalyse oder bei optischen Sensoren als
niitzlich erweisen, da hier keine engen GrdBenverteilungen bendtigt werden. Bei einem
bestimmten Molverhéltnis zwischen den beiden Edukten erhélt man bei dieser Synthese auch
Goldnanodrdhte. Die Synthese der Drédhte verlduft im wéssrigen Medium ohne Zugabe
weiterer Detergentien in einem Reaktionsschritt. Die so entstandenen Dréhte sind einige
Mikrometer lang und der Querschnitt betrdgt ca. 15 nm. Verschiedene
Oberflachenanalysenmethoden wurden zur Aufklédrung der Struktur und Morphologie der
Drédhte angewandt. Leitfahigkeitsmessungen an einem einzelnen Draht bestétigten seine
metallischen Eigenschaften. Diese Dréhte eignen sich aufgrund ihrer hohen Stromdichte
sowohl fiir verschiedene Anwendungen in der Nanoelektronik als auch zur
»Nanomanipulation®. Die Darstellung der Nanodréhte in wéaBriger Losung im Grammbereich
bietet interessante Mdglichkeiten fiir leitende Fiillstoffe, da eine Mischung aus leitenden
Materialien 10 mal weniger Material bendtigt, falls Metallpartikel mit Dréhten wechselwirken
konnen.

Zur Erforschung des Verhaltens von fluoreszierenden Farbstoffen in der Umgebung von
komplexeren Metallobjekten wurde auf einer Goldoberfldache eine Schicht Goldnanopartikel
aufgebracht, die aber von dieser Goldoberfliche durch eine Lage eines Polymers
wohldefinierter GroBe abgetrennt waren. Die Eigenschaften dieses neu synthetisierten
Systems wurden durch Oberfldchen- und optische Analysenmethoden charakterisiert. Die

optischen Eigenschaften der Goldnanopartikel sind stark abhdngig von der Distanz zur
Goldoberfliche.

Der néchste Schritt der Erforschung des in Kapitel 6 beschriebenen mehrschichtigen Systems
wire die Auftragung von fluoreszierenden Farbstoffen auf den Nanopartikeln. Das



Plasmonenfeld der Nanopartikel, angeregt durch das Oberflichenplasmon der flachen
Goldflache, konnte zu einer Verdnderung der Emissionsrate der Fluorophore fiihren, was sich
durch eine verstirkte Emission ausdriicken wiirde. Die direkte Konsequenz hieraus wére eine
erhohte Sensitivitit dieses Systems. Eine weitere mogliche Variation dieses Systems wére die
Auftragung eines Polymers als Abstandshalter um die Goldnanopartikel, was sowohl in
Losung als auch direkt auf der Oberfliche moglich ist. Dann wire es moglich, den Einflu3 des
Abstandes zwischen der Oberflache der Goldpartikel und des fluoreszierenden Farbstoffes zu
untersuchen. Moglich wire auch eine Abscheidung der Fluorophore zwischen zwei
Goldpartikeln oder zwischen einem Goldpartikel und der Goldoberfliche. In diesem Fall
wirde die Verstirkung des elektromagnetischen Feldes zwischen den beiden
Metalloberflachen die Lichtemmision des Farbstoffes beeinflussen.

Diese Arbeit soll ein kleiner Schritt zum Verstdndnis des Verhaltens von fluoreszierenden
Verbindungen in der Nidhe von metallischen Grenzflichen sein. Zum vollstindigen
Verstindnis dieser Phidnomene ist zukiinftig noch viel Arbeit notwendig. Aufgrund ihrer
Komplexitit erfordert die Erforschung dieses Phdnomens die Zusammenarbeit von
Wissenschaftlern, die in ein interdisziplindres Team sowohl chemische als auch physikalische
Erfahrung einbringen.
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