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I,% 2 catalytic® *

Nanoparticle systems hold tremendous promise in the field of biomedica
and sensing® © applications.” Different kinds of metals, such as gold, silver and platinum, were
used for the fabrication of nanoparticle systems. But also semiconductor nanoparticles were
synthesized, for example CdS,® ° PbS,® Ag,S,* ! CdSe,'* = and TiO,.** ** By far the most
studied of these are gold nanoparticles. Generally, gold nanoparticle systems are composed of
a metal core and a protecting organic layer. The organic layer is introduced to prevent
agglomerization of the metal core and to incorporate functionalities into the hybrid system.

The metal core can be used as a template to bring many organic molecules in close
contact to form stable mono- or mixed-layers. This concept is also applied in the area of self-
assembled monolayers (SAMSs) on planar gold surfaces. These structures are e.g. useful to
study the heterogeneous electron transfer between the gold surface and an attached redox
active molecule.®*® However the two dimensional character of these systems limits the
methods the chemisorbed molecules can be probed with.?* #* Nanoparticle systems can be
adsorbed onto surfaces but are also soluble in many solvents which increases the variety of
analytical methods. For example, the optical properties of chromophore-functionalized
nanoparticle systems can be studied very well, whereas chromophores attached to planar
surfaces have very low absorbance.

The physical properties of the nanoparticle hybrid systems are one of the most fascinating
aspects in the field of nanoparticle research. Concerning the metal particle there are size-
dependent electronic and optical effects, such as the quantized double layer (QDL)

2223 the characteristic surface plasmon absorption bands (SPB)’ or the fluorescence

charging,
of semiconductor nanoparticles.** Especially the SPB is very sensitive to the size but also to
the shape® 2 and the dielectric function of the components.? Tuning the three parameters is a
very powerful tool in the development of new sensing applications, for example the localized
surface plasmon resonance (LSPR) spectroscopy.?®® Also, the attached organic layer offers
new features which are only seen in the specific arrangement of the organic molecules on the
metal core. This includes mainly optical effects, for example, the surface-enhanced Raman
scattering (SERS) effect® *° and the surface enhanced fluorescence effect.*** For these
surface-enhanced effects generally chromophores are linked to the metal core.

The first part of this work deals with the synthesis of some thiol protected gold

nanoparticles (AuNP) and the investigation of the optical, electrochemical and
1



1 Introduction

spectroelectrochemical properties of these hybrid structures. The nanoparticles consist of a
redox active chromophore ligand shell attached via a bridging unit to small spherical gold
nanoparticles (Scheme 1 left). The intension of the investigations is to study chromophore-
chromophore interactions and gold core-chromophore interactions. For this reason the
chemical structure and the length of the bridging unit connecting the chromophore and the
gold core are varied. Triarylamine (Tara) and perchlorinated triarylmethyl (PCTM)-radical
units are used for this purpose as chromophores because of their optical and electrochemical
stability (Scheme 1).

spherical gold core

MeQ Cls
\ |/
MeC§i> (|3I5

Tara PCTM

I bridging unit

Scheme 1. Triarylamine (Tara) and perchlorinated triarylmethyl (PCTM)-radical functionalized gold

nanoparticles.

The second part of this work aims at the synthesis of SERS-markers (SEMA) for tissue
imaging by immuno-SERS microscopy. The SERS-markers are designed to possess a thiol
group to bind to the Ag/Au nanoshell, a polar tail-group to make the marker soluble in polar
solvents and a Raman-active vibrational band oriented along the molecular axis to generate
intense SERS-signals (Chart 1). Molecules with different Raman-active functionalities were
synthesized and adsorbed onto Au/Ag nanoshells in order to form SERS-labels. The Raman
activity of the SERS-labels was studied via SERS.
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SERS-labeled

Au/Ag nanoshell

Chart 1.
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1.1  Structure of Spherically Shaped Gold Nanoparticles

Gold nanoparticles can be obtained in different shapes and sizes, e.g. nanorods,
nanospheres, nanoshells or platonic nanoparticles.**** Tuning the shape and the size is very
desirable because both parameters are important factors for the electronic and optical
properties of metal particles.

Monolayer protected gold nanospheres can be synthesized in sizes up to 100 nm.
Generally the product fractions consist of particles with different sizes. A detailed analysis of
these fractions revealed that there are some preferred particle sizes. This fact is illustrated in
Figure 1 where the size exclusion chromatography experiment of a nanoparticle sample
exhibits several peak maxima which are related to specific particle sizes. This indicates the

presence of several main particle fractions which are denoted as “magic-numbers”.

mAU bar
Extract-250nm,4nm (1.00) |
100 [ 250
75 [ 20.0
50 [ 15.0
25 -10.0
0 15.0
S — S - — - — — 0.0
0.0 2.5 5.0 75 10.0 125 min

Figure 1. Size exclusion chromatography experiment of a gold nanoparticle (Au-Tara2, see Chart 4)

sample; detection wavelength 250 nm.

Studying the size of poly(vinylpyrrolidone) stabilized gold nanoparticles via MALDI-
MS, Tsunoyama et al. detected gold clusters with 35+1, 43+1, 58+1, 70+3, 10744, 130+1 and
150+2 gold atoms.* Investigations on thiol protected gold cluster have revealed that gold core
sizes with 25,48 3849° 102,° 116,°° 140,°* *® 225° 314 and 459%° gold atoms were

predominately formed.
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1.2 Gold Core Structure

In order to study the structure of the gold nanoparticle in more detail, several groups have
extracted monodisperse fractions from polydisperse samples. High-resolution electron
microscopy HREM and X-ray diffraction measurements combined with theoretical
investigations resulted in a detailed picture of the gold core structure.*® %! First, the gold
core has a crystalline structure. This crystalline structure can be detected in electron
microscopy measurements (Figure 2) if the lattice planes are oriented parallel to the electron
beam. Therefore a face centered cubic structure of the gold core was observed for cluster

sized above a diameter of 1 nm.>® %8

46
I,

Second, the gold core has a polyhedral shape, for example icosahedral,”™ truncated

|55,58

| 56, 62, 63
H

octahedra cuboctahedral or truncated decahedra shape (Scheme 2).

Scheme 2. Polyhedral shapes: A) icosahedron, B) truncated octahedron, C) cuboctahedron and D)
example for a truncated decahedron.
The surface of these polyhedral shaped gold

cores consists of edge, vertex and face sites. The
protecting ligands, e.g. thiols, can bind to all of these
sites. Regarding the self-assembled monolayers on
flat gold (111) surfaces, the edge and vertex
positions are denoted as defect sites. These defect
sites combined with the curvature of the gold core

lead to a high surface coverage of the ligands.

Hostelter et al. have shown that the coverage of
Figure 2. Scanning transmission aliphatic thiols on gold nanoparticles is much higher

Au-Tara4 (see Chart 4). at very large particle sizes does the coverage

5
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approach the value for flat surfaces (38%).

1.3  Structure of Thiol-Functionalized Gold Nanoparticles

Until now, the X-ray structures of only three thiol-functionalized gold nanoparticles have
been determined. The analysis revealed a new view of the gold core structure and the thiol-
gold binding motif. Furthermore, the results were used to explain the stability of these clusters
with the superatom concept (see chapter 1.3.4).%°

1.3.1 Aulog(SR)M

The first total structure determination of a p-mercaptobenzoic acid (p-MBA) thiol-
protected gold nanoparticle was published by the group of Kronberg, based on X-ray
diffraction from single crystals (Figure 3 top).>® The cluster consists of 102 gold atoms and 44
thiol ligands arranged around the gold core.

The Auig, gold core: the gold core can be described as a 49-gold atom Marks decahedral
with two 20-gold atom caps with Cs symmetry on opposite poles. Additionally a 13-gold
atom band with no apparent symmetry is located on the equator which is responsible for the
overall chirality of the particles.™® Summing up, the gold core consists of
49 + (2 x 20) + 13 =102 gold atoms.

The gold-thiolate binding motif: X-ray structure analysis combined with a full density
functional treatment of the electronic structure of the Auig(p-MBA)44 resulted in a detailed
picture of the gold-thiolate binding motif.>> ®* ® The thiols form 21 RS(AuSR)x (x = 1, 2)
ligand units which consist of two or three thiols connected via one or two gold atoms (see
Figure 3 middle, small yellow and brown balls). These ligand units bind in a bridge
conformation to two gold atoms (see Figure 3 middle, large brown balls) of an inner gold
core. The 21 RS(AUSR) (x = 1, 2) ligand units can be devided into 19 units of x = 1 and two
units of x = 2. Consequently there are 23 gold ligand atoms (Aujigana) and 102 - 23 =79 gold
core atoms (Aucore) Which form the inner gold core. The inner gold core can be alternatively to
the concept above described as a decahedral Auzg core (approximately Dsp-symmetric, Figure

3 bottom). The 21 ligand units are arranged around the Auzg core in a staple motif. Thus, the

6
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nanoparticle is not a thiolate protected Auio, core but rather a Au;q core protected with gold-
thiolate staples and is more accurately described in the formulation Auzo[Auzs(p-MBA)44].

Figure 3. X-ray crystal structure of Aujg(p-MBA)44. Top: two views of the Aujg(p-MBA)4, cluster.
Middle: the protecting RSAUSR and SR(AuUSR), staples, bound to core Au atoms (large balls).
Bottom: two views of the Au,g decahedral core. Legend: Au: brown, S: yellow, C: gray, O: red, H:

white.®” — Reproduced by permission of The Royal Society of Chemistry.

132 [NR'][Au25(SR)18]

The composition of nanoparticles with 25 gold atoms has been intensively studied in
recent years.*” *® ® However the first crystal structure of a thiol protected Auys cluster was
published by the group of Murray in 2008.* They studied a Auys core passivated with
SCH,CH,Ph ligands. The unit cell of the crystal also contains a quaternary ammonium
counter ion (TOA™) which indicates that the gold is negatively charged (Figure 4 c). The
crystal structure reveals that one central gold atom is surrounded by 12 gold atoms positioned
on the vertices of an icosahedron (Figure 4 a). This core is capped with 12 gold atoms that are

centered above 12 of the 20 faces of the Aujz icosahedron (Figure 4 b, the arrangement is
7
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clarified by the dotted black lines). These 12 gold atoms form six orthogonal semirings of
(Au(SCH2CH,Ph)3) around the Auss core (Figure 4 b). Hence the structure can be formulated

as an Aujz core capped with 6 (Aux(SCH,CH,Ph)3) ligand units and one counter ion.

Summing up, the X-ray analysis of the Aujys cluster also points out that the nanoparticle is not
46, 60

a thiolate protected Au,s core but a staple-protected Auss core.

Figure 4. X-ray crystal structure of [TOA™][Au,s(SCH,CH,Ph)i5]. (a) Arrangement of the Auys core,
(b) six orthogonal -Au,(SCH,CH,Ph)s- ligand units surrounding the Aug;s core, (C)
[TOA™[Au,s(SCH,CH,Ph)1g7 structure with the ligands and TOA™ cation (depicted in blue). Legend:
Au: yellow, S: orange, C: gray, H: white. "Reprinted with permission from Ref 46.* Copyright 2008

American Chemical Society."

1.3.3 AU38(SR)24

The synthesis and composition of thiolate-functionalized Ausg cluster has been

investigated by several groups.>**® In 2010, Qian et al. presented the first X-ray diffraction

8
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analysis of a Ausg cluster passivated with 24 thiol ligands (2-phenylethanethiol,
SCH,CH,Ph).>* The analysis revealed that the unit cell contains a pair of enantiomeric
nanoparticles. The left handed isomer is shown in Figure 5 (left side).

The cluster is based on a face-fused biicosahedral Au,s core. Analyzing the structure in
more detail the core consists of two icosahedrons which are fused together via sharing a
common Aus face (Figure 5 right side). The Au,z core is capped by a second shell comprised
of the remaining 15 gold atoms. These 15 gold atoms and the 24 thiol ligands form three
monomeric Au(SR), ligand units and six dimeric Au,(SR)s ligand units which are arranged
around the Aups core in a staple motif. Thus the staple motif is also seen for Auss(SR)24

nanoparticles.

¢
Auys
'. l l Auj, fusion
e
T It

Auy; core

Figure 5. X-ray crystal structure of Ausg(SCH,CH,Ph),, .Left: Total structure of Auss(SC,H4Ph)g
(L-isomer); Right: biicosahedral Auys core. Legend: Au: magenta, S: yellow, C: grey, H atoms are

omitted. "Reprinted with permission from Ref 54.>* Copyright 2010 American Chemical Society."

1.3.4 The Superatom Concept

The stability of the noble-gases is due to the closed electron shell and is associated with a
count of
n*=2,8,18, 34,58, 92, ... Q)
valence electrons. The stability of the noble-gas electron configuration is also a reason for the
stability of organic as well as many inorganic compounds. The noble-gas electron

configuration of the atoms is achieved by the electronic interaction with other atoms.
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Analog to the atomic theory, the stability of monolayer protected gold clusters can also be
referred to the stability of the noble-gas electron configuration.®® ®* % Thereby, the gold core
is assumed to be a superatom which is stabilized by the adsorption of ligands. The cluster can
be formulated as

(Ls Auy Xy)*
where the gold core (size N) is protected by M electron withdrawing ligands X and S weak
ligands L which do not affect the count of electrons n*. The overall charge of the nanoparticle
is g. Therefore the requirement for an electronically closed shell superatom complex is
n*=Nw-M-q 2
where v, is the atomic valence of the gold core atoms. v, is assumed to be one because there is
only one electron in the 6s orbital of the gold.

For example, the above discussed Auio(p-MBA)i has 102 gold atoms and 44

withdrawing ligands:
n*=102-44-0=58. 3)

Alternatively, the clusters can also be described as a gold core protected with gold-
thiloate staples. In the case of the Auio2(p-MBA)44 cluster, the gold core is considered to have
79 Aucre atoms and 21 gold-thiolate staples (Auzg[Auzs(p-MBA)44]). Assuming that all 21
staples interact with the core, each one of them would attract one electron out of the gold core,
resulting in:

n*=79-21-0=58. 4)
electrons. From this point of view the stability of a gold nanoparticle cluster is due to a stable

electronic structure.

1.4 Absorption Properties of Metal Nanoparticles

Metal nanoparticles exhibit size related optical effects. Especially the absorption
properties of metal particles are of particular interest. A prominent example is the Lycurgos
Cup from the Roman times (4™ century) which consists of glass doped with gold particles.
Light reflected from the cup is green whereas light transmitted through the glass appears red.
Both effects are due to the scattering of light on nanoparticles and can be described
mathematically by Mie theory (1908).°° The optical properties of nanoparticles depend
thereby on the dielectric function of the particle and its surrounding medium as well as the

10
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size and the shape of the particles. The influence of the particle size on the optical properties
of nanoparticles is illustrated in Figure 6.

The larger particles exhibit an intense absorption band around 520 nm. This band is
denoted as surface plasmon band (SPB) and is due to a collective excitation of conduction
electrons. As illustrated in Scheme 3, the excitation results in a displacement of the negative
and positive charges of the metal. Because the positive charge acts as a restoring force, the
excited particle can be considered as an oscillating dipole, resulting in an enhancement of the

local light field.®’

| 0.25 Absorbance Units

[

(e

Absorbance

(@

(©)

®

(a)

200 300 400 500 600 700 800 900
Wavelength (nm)

Figure 6. The UV/vis spectra (n-hexane) of dodecanethiolate-protected gold nanoparticles with
different core radii: (a) 0.76 nm, (b) 1.1 nm, (c) 1.4 nm,(d) 1.7 nm; (e) 2.6 nm. "Reprinted with
permission from Ref 64.%* Copyright 1998 American Chemical Society."

Furthermore the spectrum of the gold nanoparticles (see Figure 6) exhibits absorption
features between 800 and 200 nm which are associated with intraband transitions in the low
energy region and with interband transitions above 520 nm.?® ® The intraband transitions can
be attributed to transitions within the broad conduction band whereas the interband transitions

are due to excitations of conduction band electrons to higher unoccupied states above the

11
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Fermi level. The superimposition of both possible transitions results in an increase of the

absorption intensity with the energy of the incident light.

Oszillating
electromagnetic
field

Scheme 3. Light induced excitation of the surface plasmon band.

1.5 Electrochemical Properties of Redox-Center-Functionalized Metal

Nanoparticles

The electrochemical behavior of solutions of redox-center-functionalized metal
nanoparticles can be partitioned into the electrochemical reactivity of the redox-center-
functionalized organic layer and the electrochemical reactivity of the metal core itself. The
metal core shows size-related electrochemical behavior which can be divided into three
categories: bulk-continuum voltammetry, quantized double-layer charging (QDL)
voltammetry and molecule-like voltammetry.?

Bulk continuum voltammetric behavior is expected for large nanoparticles
(diameter >3 —4 nm) and is related to an electric double-layer charging at the nanoparticle
surface/electrolyte solution interface. The electron charge storage capacity depends on the
nanoparticle size (surface area), nanoparticle double layer capacitance Cp_ and the applied
potential (relative to nanoparticle zero charge).?® In a voltammetry experiment, the capacitive
charging currents of dissolved nanoparticles appear as smooth current-potential traces.

Quantized double-layer charging (QDL) is observed if the size (diameter =1.6 —2.2,
Al — Auzrs) " and consequently the capacitance Cp. of the nanoparticles are very small.
Thus, a scan of the electrode potential of a monodisperse nanoparticle-solution leads to a

series of evenly spaced current peaks (Figure 7 upper voltammogram).
12
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These current peaks represent single electron transfer processes to/from the nanoparticle,
resulting in quantized double layer charging.?? The voltage spacing AV between the peaks
depends according to equation (5) on the double layer capacitance Cp,:

AV = Ae / Cp. (5)
where Ae is the electron charge transferred. Therefore AV has to be larger than ~kgT (25.7
meV at 278 K) to detect discrete QDL peaks. If AV is smaller than ~kgT the QDL waves are
smeared out and double-layer charging falls into the bulk-continuum voltammetric regime.
Consequently, an essential requirement is a sufficiently small value of Cp.. In order to

estimate Cp, a concentric sphere capacitor model was introduced:"
C,, = A4ee, é(r +d) (6)
where r is the radius of the core, d is the thickness and ¢ the effective dielectric constant of the

organic layer. From equation (5) and (6) it is obvious that both the radius and the dielectric

constant should be small to observe discrete QDL peaks.

wu /-

E/Vvs QRE

Figure 7. Diffenrential pulse voltammetry (DPV) of monodisperse nanoparticles in
1,2.dichloroethane / 10 mM bis(triphenylphosphoranylidene)ammonium tetrakis(pentafluorophenyl)-
borate solution with a platinum working electrode; 177 ©M solution of a hexanthiol protectedAuy4;
cluster (upper) showing 15 high-resolution QDL peaks and 170 M solution of a hexanthiol protected
Augg cluster (lower) showing a HOMO-LUMO gap. “"Reprinted with permission from Ref 76.7
Copyright 1998 American Chemical Society."
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Following the particle size gradient from large to smaller particles - continuum
voltammetry to QDL voltammetry - a molecule-like voltammetric behavior is found at very
small metal core sizes (diameter < 1.4 nm). Molecule-like voltammetric behavior has been
detected for thiol protected gold particles designated as having core sizes of Auzs,’” Auss,”
Ausg,"® Auzs™ ° and Auiz.® In contrast to the QDL regime, the evenly spaced core charging
peaks diminish and a large spacing between the first one-electron oxidation and the first
reduction appears. This spacing is interpreted as the emergence of a “molecule-like” HOMO-
LUMO band gap. In the lower voltammogram (Figure 7) the band gap is shown for a
hexanethiol protected Ausg particle. The energy gap decreases with particle size and the
dielectric constant of the surrounding medium.

Besides the voltammetric reactivity of the metal core, the protecting shell can be

functionalized with redox active units. Several redox active units, e.g. ferrocene, 8%

85-87 90

anthraquinone, phenothiazine,® porpyhrin,® were introduced to study their

electrochemical behavior. The voltammetric behavior of such hybrid systems combines that
of the redox reaction of the redox unit and the double layer charging of the gold core.® %
Investigations on these systems revealed that the electrode reaction is described to be a single
electron process (n = 1) where all the redox centers react one-at-a-time.?* # The latter point is
very interesting because not all redox centers adsorbed onto the metal core surface are close to
the working electrode/solution interface where the redox reaction takes place. Three pathways
have been discussed to explain this phenomenon. (1) By the time the particle contacts the
working electrode the redox units located directly at the electode/solution interface become
oxidized or reduced. All the other redox units adsorbed onto the same gold core are
electrochemical addressed via electron tunneling through the core. (2) Another pathway is the
lateral site-site electron hopping over the nanoparticle circumference. (3) The third possibility
involves rotational diffusion whereby the rotation of the particles brings each redox unit in
contact with the electrode. All three pathways have to be sufficiently faster than the
translational diffusion of the particle. Geometrical parameters of the particle and the

arrangement of the redox active ligand on the surface determine which pathway is favored.
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1.6 General Aspects for the Synthesis of Thiol Protected Spherically
Shaped Nanoparticles

In the past, several synthetic routes have been developed for the synthesis of spherically
shaped gold nanoparticles.* ** 9294 All these approaches deal with the same strategy: an
oxidized gold species is reduced to gold (0) to generate the gold core. The key step is to
stabilize the gold core with molecules which adsorb onto the gold surface. The adsorption
lowers the free energy of the gold core surface and leads to a steric repulsion between the
particles which prevents agglomerization. Stable nanoparticles can only be generated if the
molecules form a stable core shell of high density. lonic surfactants or ligands possessing an
anchor group (thiol, disulfide, phosphine, phosphine oxide and amine) are suitable for this
purpose.*t # % By far the most widely used is the thiol group due to the soft (HSAB)
character of both gold and sulfur.’

The first conventional method for the synthesis of spherically shaped gold nanoparticles

was published by Turkevich in 1951%

who used trisodium citrate in an agqueous medium. In
this synthesis the citrate acts as reducing agent and stabilizer. Variation of this synthetic-
protocol leads to nanoparticles in the size between 2.3-147 nm.** °" % |n a second synthetic
step the particle can be functionalized with other stabilizing ligands.®**** Due to the aqueous
medium, the synthesis is restricted to hydrophilic molecules.

The Brust-Shiffrin method, published 1994, is the most common route for the synthesis
of gold nanoparticles functionalized with a variety of organic molecules and can be
considered a key step in the research of gold nanoparticle hybrid systems. The advantage of
this method is that the synthesis is carried out in an organic medium. Tetrachloroauric acid is
thereby first transferred from an aqueous solution to an organic solution (toluene) using
surfactants (e.g. tetraoctylammonium bromide). Then a stabilizing reagent, e.g. a thiol, is
added, which reduces the gold acid to a colorless gold(l)-thiolate complex, followed by the
addition of an aqueous sodium borohydride solution which results in the rapid production of
thiolate-protected gold nanoparticles by reduction of Au(l) to Au(0).** 10#10%

The size of the gold core can be adjusted to 1.5-5.2 nm and depends on the reaction
conditions, notably the thiol / tetrachloroauric acid ratio, the temperature and the rate of
addition.” ® The limitation of the synthesis is that the ligand has to be soluble in the solvent
and has to be inert towards the reducing agent. This problem can be overcome by subsequent

derivatization of the attached ligands in a follow up reaction. Chemical reactions like amid
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ester couplings, palladium catalyzed couplings, click reactions®® 100 106. 107

21,62, 81, 108-111

as well as place

exchange reactions provide the desired functionalized nanoparticle (Scheme 4).
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Scheme 4. Derivatization of the organic shell of a nanoparticle by (A) chemical reactions or (B) place

exchange reactions.

The disadvantage of the Brust-Shiffrin method is the contamination of the organic shell
with surfactants, which are added to render the auric acid soluble in the unpolar solvents.**? In
order to produce surfactant-free samples many single phase syntheses were published.

The strategy of surfactant-free synthesis is to dissolve the auric acid in polar solvents and
to stabilize the nanoparticle after the addition of the reducing agent insitu with thiols.
Syntheses in methanol or N,N-dimethylformamide are suited to attach very polar thiols to the
gold core.*? 311> gyntheses in tetrahydrofuran or diglyme facilitate the access to less polar
thiols. Several different reducing agents are used such as sodium naphthalenide, lithium
triethylborohydride or lithium borohydride which are soluble in organic solvents.® 12 116.117
These syntheses produce gold nanoparticles in the range of 1 to 10 nm. The size can be
adjusted by the stochiometry of the reactants, the temperature and the rate of addition. The
limitation of the synthesis is that the thiol has to be inert towards the reducing agent.

The syntheses discussed above lead to polydisperse nanoparticles. Monodisperse gold
nanoparticle can synthesized via extraction or altering procedures from polydisperse

SampleS.50' 118-122

16



1 Introduction

1.7  Analytical Methods

Many characterization techniques can be used to analyze the geometrical dimension of

nanoparticles. The size of the gold core can be determined using transmission electron

41, 107, 123 20, 124

microscopy (TEM), atomic force microscopy (AFM), small angle X-ray

scattering (SAXS)? or X-ray diffraction.®™ **> The most common characterization technique,

however, is TEM.

20, 126, 127 21,128
NMR

Scanning tunneling microscope (STM), or electrochemical methods®

85.129 can be used to investigate the total size of the particle (gold core + organic shell). The

R,ZO’ 108, 128, 130

chemical composition of the particle can be analyzed by NM thermogravimetric

analysis (TGA),” ™ UVNisINIR-spectroscopy,’®*  MS-spectroscopy,™ ** ¥ |R-

41, 42 123, 133-135

spectroscopy™ *“ or X-ray photoelectron spectroscopy.
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2  Optical and Electrochemical Properties of Triarylamine and

Perchlorinated Triarylmethyl Functionalized Gold Nanoparticles

Metal nanoparticles functionalized by an organic layer offer the chance to combine the

physical and chemical properties of organic molecules with those of metal nanoparticles.

Thus, this class of compounds has been investigated intensively in the last decades’” % 1%

particularly in view of applications in the field of nanobiotechnology, e.g. drug delivery

137-140

systems for photodynamic and photothermal therapy and the detection, labeling and

sensing of biomolecules.? & 3 1% The metal core itself exhibits special nanoparticle

7, 68, 149

properties like surface plasmon absorption bands (SPB) or quantized double layer

(QDL) charging.? % **® Concerning the organic layer of these hybrid systems new surface

enhanced effects were found and characterized by appropriate spectroscopic methods such as

6, 30, 141, 151

surface-enhanced Raman scattering (SERS) spectroscopy, surface-enhanced

fluorescence  spectroscopy®® %2

26-29

and localized surface plasmon resonance (LSPR)
spectroscopy.

In recent years many chromophore nanoparticle systems, particularly those based on gold
nanoparticles, have been investigated.® 8 102 110153 The optical properties of the
chromophores have been studied by several methods such as absorption, fluorescence or
transient absorption spectroscopy.”® 109 114, 121, 13L 154157 nqt frequently, the chromophores
were attached via an aliphatic thiol-functionalized bridging unit. Focusing on the absorption
properties the length of the bridging unit is an important factor. While long units can block

electronic interactions between the gold core and the chromophore®: 1% 10

short bridging
units will facilitate interactions.®® 1% 1% Such an interaction may result in a damping or shift
of chromophore absorption bands in comparison to the free chromophore.

Chromophores arranged around the gold core can also show chromophore-chromophore
interactions which originate from inter- or intraparticle interactions (Scheme 7).
Triphenylene-functionalized nanoparticles have shown 77 stacking behavior which is due to
interparticle interaction. To allow intercalation, the free space around the chromophore units

have to be sufficiently large.’*

18



2 Triarylamine and Perchlorinated Triarylmethyl Functionalized Gold Nanoparticles

«a Chromophore /

— Rigid bridging unit
- ~ Flexible bridging unit
<> |nteraction

Scheme 7. Left: Interparticle interaction; right: intraparticle interaction.

Intraparticle interactions can occur if redox active chromophores attached via 7z~
conjugated bridging units are used. Electrochemical measurements of these hybrid particles
revealed a splitting of the first redox wave. This was attributed to an intervalence interaction
between neighboring redox centers via the metal core in case of ferrocene redox centers
attached to ruthenium nanoparticles.™™® *° In contrast to these examples, porphyrin,®
ferrocene®® and anthraquinone®™ ®' linked via a long aliphatic chain to the metal core act
independently of each other as non-interacting redox centers and, consequently, exhibit one
sharp signal for the first redox wave in electrochemical experiments.

While in recent years, electronic interactions of redox functionalized molecules and of
redox centers attached to solid gold electrodes have been studied,® ! 1°°8 the goal in
this work is to study electronic interactions of redox active chromophores attached to gold
nanoparticles. That is, the gold core is used as a template to bring many redox centers in
close contact. In this work triarylamine (Tara) and perchlorinated triarylmethane (PCTM)
radical are used for this purpose because of their optical and electrochemical stability
(Chart).

MeQO

~ D-x

Me

Tara
Chart 2.
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2.1 Optical and Electrochemical Properties of Triarylamines-Gold-

Nanoparticle Conjugates: Short z~Conjugated Bridging Unit

The object of this chapter is the synthesis and investigation of gold nanoparticles that
are covered by a relative short z-conjugated bridging unit which is terminated by a
triarylamine unit (Au-Taral). The optical and electrochemical properties of the Au-
Taral nanoparticles and of their corresponding unbound ligand Refl (Chart 3) were
investigated in order to detect triarylamine-triarylamine interactions and gold core-
triarylamine interactions. Additionally the size of the gold core template was varied to

study how the optical and electrochemical properties depend on the core size.

MeQ MeQ

Q 9

Mepjlz Mep:;L

Au-Tara1 Ref1

Chart 3.

2.1.1 Synthesis

Gold nanoparticles are accessible via several routes (see Chapter 1). Two synthetic
aspects are important for the synthesis of the triarylamine-functionalized gold nanoparticles.
First, the samples should not be contaminated with surfactants because the contaminants
could affect the electrochemical and optical properties. The surfactant-free single phase
synthesis is suited for this purpose. Second, a homogeneous organic shell is required for an
accurate analysis. Because the reduction of the auric acid is carried out in the presence of the
protecting ligand, the redox active unit has to be introduced in a second step.

The first step to synthesize triarylamine-functionalized gold nanoparticles (Au-
Taral) was to generate the precursor Au-Prel by reduction of HAuCl, with LiBH,4 in the
presence of 4-bromothiophenol (Scheme 5).!*" Extraction of the crude product with
dichloromethane (dcm) only or with both dcm and tetrahydrofuran (thf) yields particles of

different size (Au-PrelS and Au-PrelL, respectively). The two fractions with different
20
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HAuCl, + Br—@—SH

Extraction
with dem

LiBH,
thf, RT

Extraction
with dem
and thf

Br S < Vindem Br—@—s A By S

Au-Pre1S

Pd(PhCN),Cl,, Cul
P(t-Bu)s, alkyne 1
di-iso-propylamine
thf, RT, 12 h

MeO

N
Meé

Au-Tara1S

Au-Pre1 Au-PreilL

Pd(PhCN),Cls,, Cul
P(t-Bu)s, alkyne 1
di-iso-propylamine
thf, RT, 12 h

MeO

Q

N~ »—=— )5

MeO
Au-TaraillL

Scheme 5. Synthesis of the gold nanoparticles Au-TaralS and Au-Tarall.

|

LiBH, (thf)
HAUCI, / thiol (thf)

Figure 8. Synthesis of the precursors via

syringe pump

particle size and the terminal alkyne 1 were then
transformed via a Hagihara-Sonogashira
coupling reaction into the desired products Au-
TaralS and Au-TarallL."?’

The synthesis of the precursor turned out to
be complicated. More than 100 approaches have
been necessary to develop an efficient synthetic
protocol. Some approaches are exemplarily
depicted in Table 1. The reaction is influenced by
many parameters, such as reaction temperature,
solvent, stochiometry of the reactants and the rate
of addition. However, in entry 4 in Table 1 the
conditions which gave stable nanoparticles with

good yield are shown. As illustrated in Figure 8
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the reducing agent and a mixture of the auric acid and the thiol were simultaneously added via

a syringe pump to vigorously stirred thf.

Table 1. Synthetic Approaches for the Synthesis of Au-Pre

Approach Reaction conditions Result
NaBH, (aq.) @
1 HAUCI, / thiol \ _ @*@ agglomerization
(methanol) 0°C @
| izati
LiBH, / thiol (thf) agglomertzation
5 \ @ or stable
nanoparticles with
HAUCI, (thf) S Br—@S paric
low yield
. agglomerization
LiBH, (thf)
3 \ or stable
[ nanoparticles with
HAUCI, / thiol (thf) — Br—@—s p
low yield
LiBH, (thf) @ Stable
4 K nanoparticles,

HAUCI, / thiol (thf)

N s )

good yield

In order to compare the ligand properties with and without gold core a reference

compound Refl was synthesized by a palladium catalyzed Hagihara-Sonigashira coupling

reaction of the alkyne 1 with the bromophenyl derivative 2 in 23% yield (Scheme 6).12% 17

The sulfur-functionality possibly disrupts the coupling reaction which leads to the low yield.

MeQ

Qﬂ—@—: + Br-@-gL

MeO

Scheme 6. Synthesis of Ref1.

MeQ

PA(PhCN),Cly, Cul Q %
P(t-Bu)s - N @ = O S

diethylamine, RT, 12 h

MeO 23%, Refl
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2.1.2 Analysis

The surface functionalization and the purity of the Au-Taral samples were checked by
'H-NMR spectroscopy. The NMR spectra of molecules bound to the gold core are generally
line broadened. The protons very close to the gold core are tightly packed and the broadening
is caused by rapid spin-spin relaxation from dipolar interactions. Additionally, the different
S-Au binding sites on the gold core, e.g., attached molecules bound to a face versus an

*0.132 and the polydispersity of the particles lead to a line broadening.®* **® Any traces of

edge,
unbound molecules would superimpose these broadened signals with sharp peaks.

However, the spectra of the Au-Taral particles show broadened peaks attributed to the
organic layer of the particle (see Figure 9) which proves that the samples are essentially free

of unbound triarylamine ligands.

A B

L\ AN NI |
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Figure 9. "H-NMR of nanoparticle (A) Au-TaralS and (B) Au-TaralL in dichloromethane-d,.

The gold core radius distribution of the nanoparticles was measured using dark-field
scanning transmission electron microscopy. Au-TaralS has an average radius of
1.12 (+ 0.24) nm and Au-TarallL of 1.36 (= 0.28) nm (Figure 10-11).
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Figure 10. Dark field STEM images of Au-TaralS recorded on a FEI Helios Nanolab and the
associated histogram.

Core radius / nm

Figure 11. Dark field STEM images of Au-TarallL recorded on a FEI Helios Nanolab and the

associated histogram.

The stability of the gold core structure of the Au-Taral particles after Hagihara-
Sonogashira coupling was checked by UV/vis/NIR-spectroscopy. As can be seen from
Figure 12 the characteristic surface plasmon bands of the gold core at ca. 18000 cm™ have
similar intensities for the Au-Prel particles and the corresponding Au-Taral particles.
Additionally, in the spectra of Au-Prel a band at 39500 cm™ is seen. This band can be
attributed to the 4-bromothiophenol ligand and is absent in the spectra of the Au-Taral
particles. This analysis demonstrated that the Hagihara-Sonogashira reaction does not
affect the particle size but it does manipulate the organic layer.
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Alnm
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Absorbance

Figure 12. Absorption spectra of the triarylamine-functionalized particles Au-TaralS (black line)
and Au-TaralL (blue line) and the corresponding precursors Au-PrelS (dashed black line) and
Au-PrelL (dashed blue line).

Additionally, X-ray photoelectron spectroscopy (XPS) measurements were carried out to
analyze the composition of the nanoparticles. As can be seen from Figure 13, the features of
C1ls and O1s and several peaks of the molybdenum substrate as well as the core levels of the
Au nanoparticles are clearly visible. In order to verify the absence of traces of the Pd catalyst,
we performed detailed measurements in a binding energy range of about 560 eV (see insets of

Figure 13) where the 3p3/2 level is expected.
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Figure 13. XPS of Au-TaralS (A) and Au-TaralL (B).

Within the typical accuracy for the determination of the chemical compositions by core
level spectroscopy (~1%) we obtained no evidence for Pd in both the Au-TaralS and Au-
TarallL samples. Thus, the palladium catalyzed reaction does not affect the composition of

the gold core.
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2.1.3 Electrochemical Measurements

Osteryoung square wave voltammetry (OSWV) of Refl in tetrabutylammonium
hexafluorophosphate (TBAH) dcm solution shows two peaks (Eox1) = 280 mV, E(ox2) =
950 mV) which can be assigned to the first and second oxidation of the triarylamine
centers (Figure 14 A). Only the first oxidation peak is reversible. The OSWV of Au-
TaralS and Au-TaralL reveals a splitting of the first triarylamine oxidation into two
reversible oxidation processes (Figure 14 B-C). A fit of the voltammogram with two
Voigt-functions reveals a separation (seen as a shoulder) of about 130 mV for Au-TaralS
and 140 mV for Au-TaralL (Table 2). This splitting is caused by a very strong coupling
between neighboring triarylamine centers (the statistical value for two non-interacting
redox centers is 35.6 mV). Such a splitting of the first oxidation is often seen in

168, 172, 173, 175, 176

bis(triarylamine) systems and is also seen for ferrocenes attached to a

ruthenium particle via a vinylene unit.*

2.9

N
e
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E/mVvs. Fe/Fet

Figure 14. (A) OSWYV in dcm (TBAH) of Au-TaralS (black line), Au-TaralL (blue line) and
Refl (red line); Fit (black circles) of the OSWV of Au-TaralS (B) and Au-TaralL (C) with two
Voigt-functions (dashed green lines) after baseline (capacitive background current) correction

with an exponential function.
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Table 2. Redox Potentials of Au-TarallL, Au-TaralS and Refl vs. Ferrocene (Fc/Fc) in
dcm/TBAH

redox potential / mV

E (ox) E (ox2)

Au-TarallL 280**, 420** 980*
Au-TaralS 290**, 420** 980*
Refl 280* 950*

*measured by OSWV, ** determined by a fit with two Voigt-functions

2.1.4 UVNIsSINIR  Absorption  Spectroscopy  and Fluorescence-Anisotropy

Measurements

The absorption spectra of the Au-Taral particles are displayed in Figure 15.
Additionally the spectrum of the reference compound Refl is shown to demonstrate the

changes by the binding of the triarylamine to the gold core.
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Figure 15. Absorption spectra of the triarylamine-functionalized particles Au-TaralS (black line)

and Au-TarallL (blue line) and the reference compound Ref1l (red line) in dcm.

The absorption spectrum of the reference compound Refl displays two intense bands at
27600 cm™ and 34500 cm™ which are typical of triarylamine systems.*"" "> *'" Fluorescence-

anisotropy measurements revealed that the low energy band is polarized along the molecular
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axis and the high energy band is polarized perpendicularly to the molecular axis. In detail, the
excitation and emission-anisotropy spectrum of Refl in a sucrose octaacetate (SOA) matrix
and the absorption spectrum in n-Bu,O are shown in Figure 16. The excitation-anisotropy for
the low-energy transition at 27700 cm™ in n-Bu,O is ca. 0.3. In theory a maximum anisotropy
value of r = 0.40 is obtained for a parallel orientation of the absorption and the emission
transition moments and a minimum value of r = -0.20 for a perpendicular orientation.*® Thus,
this transition has a parallel oriented transition moment to the emission moment. The
deviation from the theoretical maximum value of 0.40 indicates that there is a small
contribution from higher energy transitions due to band overlap. For the high-energy
transition at 34700 cm™ in n-Bu,O the anisotropy is at ca. 0.1. Because of the strong decrease
in the anisotropy, we assume that transition moments of the absorption and emission for this
transition may be oriented perpendicularly. The fact that the anisotropy does not reach the
theoretical value of -0.20 is caused by contributions from overlap with lower and higher

transitions.
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Figure 16. Anisotropy of the excitation (emission wave number 22800 cm™; red) and the emission
(excitation wave number 27700 cm™ and 34700 cm™; green and blue) of Ref1 in a sucrose octaacetate
(SOA) matrix at room temperature. The corresponding nonpolarized absorption (solid line) and

emission (dashed line) spectra of Refl in n-Bu,O are added for comparison.

The surface plasmon band (SPB) is a characteristic feature in the absorption spectrum
of metallic nanoparticles. In the case of spherical particles with the same organic layer,
the energy and the intensity of the SPB depend on the size of the gold core.” Consistent
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with this fact the larger particle Au-Tarall shows an intense SPB at 19000 cm™ which is
practically absent in the smaller particle Au-TaralS (see Figure 15).

In comparison to Ref1 the higher energy band at 34500 cm™ is also seen with a slight
red shift in the spectrum of Au-TaralS but has a very weak intensity in the case of
Au-Tarall. Much in contrast, the second characteristic band of Refl at 27600 cm™ is
hardly detectable in the spectra of Au-TarallL and Au-Tarals.

The strong damping of the band at 27600 cm™ and the red shift of the band at
34500 cm™ are obviously caused by an interaction between the gold core and the
chromophore.?? 181182 The different degree of damping between the 27600 cm™ band and
the 34500 cm™ band might be due to the different relative orientation of the chromophore
transition dipole to the surface normal of the gold particle.’’ In fact, it is likely that the

orientation of the arylthiol units deviates strongly from the gold surface normal.*

2.1.5 Spectroelectrochemistry

Further information about the electronic coupling between the triarylamine centers on
the particles was obtained by spectroelectrochemistry at a transparent gold-minigrid
electrode. Only the oxidation to the triarylamine radical cation is discussed because the
oxidation to the dication is irreversible. The SEC of Refl shows that the typical
triarylamine absorption band at 27600 cm™ decreases with increasing potential, while at
the same time the characteristic band for the monoradical cation at 13000 cm™ and
another band at 23000 cm™ increase (Figure 17).1"% 1> " The band at 13000 cm™ is
associated with a 7-7" transition of the dianisylphenylamine radical cation.'®® 173 175 176

The SEC of Au-Taral is shown in Figure 18 A. For a better overview, we divide the
spectra into three sequential processes which are grouped according to isosbestic points.
The characteristics of the three processes are the increase of the triarylamine radical cation
band at 13100 cm™ accompanied by a decrease of the band at 33300 cm™. During this first
process the weak bands at 24900 cm™ and 27900 cm™ decrease. Even more interesting is
the observation of a weak band at about 10000 cm™, which increases during the second
process and then decreases during the third process (Figure 18 B). This behavior is
indicative of an intervalence charge transfer band (IVCT) which is associated with an
optically induced hole transfer between an oxidized and a neutral neighboring

triarylamine.
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Figure 17. Spectroelectrochemistry of Refl in dcm/TBAH.

The IVCT band should be maximal at 50% oxidation of all triarylamine centers as

indeed observed. IVCT bands of similar intensity are seen in many bis(triarylamine)
radical cation systems'®® 172 173175176 anq are also reported for ruthenium particles with

attached ferrocenes.®® In contrast to the mixed valence bis(triarylamine) radical cations

where hole transfer occurs over the conjugated bridges that connect the two triarylamine

moieties, the hole in the partially oxidized triarylamine-gold-nanoparticle conjugates is

transferred through space between the triarylamines.
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Figure 18. (A) SEC of Au-TaralS (black line) in dcm/TBAH. The SEC is composed of three

processes colored with red, yellow and blue. (B) NIR-region of the spectra.
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The SEC of Au-TaralL can also be described by three sequential processes. (Figure
19 A). Only the first process is fully reversible. Initial increasing of the potential (first red
process) leads to a dramatic decrease of all characteristic gold core band intensities. With
further increase of the potential the triarylamine radical cation band at 13100 cm™ rises
(second yellow process) and the gold core bands gain more intensity. This process is
associated with an increase of a band at ca. 10000 cm™ (Figure 19 B). As the radical
cation band continues to increase, the gold core bands and the band at 10000 cm™
decrease (third blue process). Again, as in Au-Taral$S the latter band is interpreted to be
an IVCT band.

In the first process the gold core gets charged. Such a core-charging alters the
electronic structure of the gold core and is known to affect some gold transitions within
the gold nanoparticle.*® *8 It might also be possible that the electrolyte (TBAH) mediates
electrostatic interactions between the charged particles which causes an aggregation of
particles. Chandrasekharan et al. found that aggregation of a gold nanoparticle coated with
Rhodamine 6G was responsible for a damping and broadening of the SPB.*® Whatever
the reasons may be for this effect, oxidation of the triarylamine centers in the second step
disturbs it strongly. In contrast, the smaller particle size of Au-TaralS and/or the
superimposition with the more intense triarylamine bands could be the reasons that a
damping of the gold core band intensities are not detectable in the SEC of Au-Tarals.
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Figure 19. (A) SEC of Au-TaralL (black line) in dcm/TBAH. The SEC is composed of three

processes colored with red, yellow and blue. (B) NIR-region of the spectra.
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Furthermore, the spectra of the neutral and the oxidized species were used to calculate the

density p of triarylamines per nanoparticle with equation (7):

S AnTar
— U, -
P="560nm Z70nm (7

Au-TaralS Ref%*

SOX

where €529m is the extinction coefficient of a Auys(SCeH13)s7; nanoparticle (radius 1.0

nm)** at 600 nm, AX°M™ _ is the absorbance of Au-TaralS at 600 nm, ALCM™ o is the

corrected absorbance of the monoradical cation band at 770 nm of the oxidized species of
Au-Tarals (eqn (8)) and €,.,5:" is the extinction coefficient of the monoradical cation band

at 770 nm of the oxidized species of Refl.

700 nm _A770Nm 770 nm"
AAu-TaralSOX _AAu-Tarals_ Au-Tara1S> (8)

Where AZ°M™ s the absorbance of the neutral species of Au-TaralS at 770 nm and

;Z?T”::;Sox is the absorbance of the oxidized species at 770 nm. Thus, in Au-Taral$S each gold
core is covered by ca. 25 chromophores. The density p for Au-TaralL was not calculated

because we have not found any extinction coefficient for such a large particle.

2.1.6 Conclusion

In summary, we present the first synthesis of triarylamine-functionalized gold
nanoparticles of two different sizes. The absorption properties of these two conjugates
differ strongly both in the neutral state and in the ligand-oxidized state. In the neutral state
this is due to different electric fields emanating from the gold particle which interacts with
the transition dipole of the ligands. In the ligand oxidized state, the OSWV and the SEC
measurements of the nanoparticles (Au-TaralS, Au-Tarall) revealed a strong coupling
between neighboring triarylamine units which is due to through-space intervalence
interactions'® in these metal-organic mixed-valence conjugates. The SEC also showed for
the larger particle that by charging the chromophore-nanoparticle system, the gold core
transitions are damped. These multi-electron redox-active nanoparticle systems may be
interesting building blocks in the field of charge storage (electron sponge) as they can be

loaded to a high degree at constant potential.
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2.2 Optical and Electrochemical Properties of Triarylamines-

Gold-Nanoparticle Conjugates: Varying the Bridging Unit

In chapter 2.1, the optical and electrochemical properties of a triarylamine gold
nanoparticle system with a zconjugated bridging unit (Au-Taral) are presented. This
relatively short bridge mediated a strong gold core-chromophore interaction which depends
on the relative orientation of the transition dipole moment of the chromophore to the gold
surface. Electrochemical and spectroelectrochemical measurements revealed also a strong
intraparticle interaction between neighboring triarylamine units which is seen by a sizable
intervalence-charge-transfer absorption band (IVCT) in the NIR. In order to study the gold
core-chromophore and chromophore-chromophore interactions in more detail, the synthesis
and the investigation of triarylamine-gold nanoparticle systems with different bridging units
(Chart 4, Au-Tara2-4) and the corresponding reference compounds are presented (Chart 4,
Ref2-4) in this chapter.'®®

MeQ MeQO

NO—= @ Q‘@'O\_n

Meé Au-Tara1l Mec<5 Au-Tara4

MeQ MeQ,

gu/_\ = =<)s guf

Me Au-Tara2 n=1. Ref1
n=2, Ref2
n=3, Ref3
MeQO @ MeO
N Y= N ==L 5! N
O=0=\r=Xy Lo\ F
Meé Au-Tara3 Meé Ref4
Chart 4.
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The length and the chemical structure of the bridging unit were varied to study their
influence on the absorption and electrochemical properties of the chromophores. The results
are compared with those of Au-Taral. In the interest of clarity, only the results for Au-

TaralsS are discussed in this chapter.

2.2.1 Synthesis

The synthetic goal was to prepare gold nanoparticles (AuNPs) with comparable gold
particle size in order to avoid electronic effects that result from different particle sizes such as
surface plasmon resonance effects. Thus, the particles with a z-conjugated bridging unit Au-
Tara2-3 were prepared by the above described synthetic procedure (see Section 2.1.1). This
procedure starts from the 4-bromobenzenethiol-functionalized precursor Au-Pre which was
synthesized by slowly adding concomitantly a mixture of 4-bromobenzenethiol and
tetrachloroauric acid in thf and LiBH,4 in thf to a reaction vessel charged with pure thf via a

syringe pump (see Figure 8).}%

HAuCl + Br— )-sH

LiBH, thf, RT
MeQ PA(PhCN),Cl, MeQ
Q Cul, P(t-Bu), @
_ di-iso-propylamine, _
p“‘o _|H * Br_@“ ™f, RT, 12h d‘. —| . S
n n
Me n=2, 3 Au-Pre MeC n=2, Au-Tara2
n=3, 4 n=3, Au-Tara3
MeO MeQO
Q
N‘@'O\_/_\_SH + HAuCl, i, RT > fN_@_O\_/_\_S
Me MeO
5 Au-Tara4d

Scheme 8. Synthesis of the Au-Tara2-4 Particles.
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The resulting precursor nanoparticle which is covered by a ligand shell of
4-bromobenzenethiol is then transformed into the desired product by a Hagihara-Sonogashira
reaction with an appropriate terminal alkyne (3 or 4) (Scheme 8).

For the synthesis of the nanoparticle with the aliphatic bridging unit Au-Tara4 a direct
procedure by reaction of the functionalized thiol and LiBH, was used (Scheme 8)."* The thiol
5 and the tetrachloroauric acid were dissolved in thf and a NaBH;-solution in thf was slowly
added. It was very important that the thiol was separated from the disulfide derivative
carefully because the disulfide is not able to stabilize the nanoparticle and to prevent
agglomerization.

The synthesis of Ref2 is outlined in Scheme 9. The alkyne 3 was obtained from 62 with
tetra-n-butylammonium fluoride (TBAF) in thf in 100% yield.'** The reaction of 3 with 2
yielded 55% of Ref2.'%> 17

MeQ MeO
& 9
N{@—:}si— MRT.IN g N{@—:}H
< 2 < 2
MeC 6 MeO  100%, 3
+ Br—@—S (2)
Pd(PhCN),Cl, Cul
P(t-Bu);
diethylamine, RT, 12 h
MeO

g{o—lf =<0

MeO 55%, Ref2

Scheme 9. Synthesis of Ref2.
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Scheme 10 depicts the synthesis of Ref3. The alkyne 3 was converted into 7 via a
Hagihara coupling reaction in 55% vyield, followed by the same reaction type to obtain 8 in
89% vyield.*** *"® Removal of the trimethylsilylgroup with TBAF in thf yielded alkyne 4. Ref3
was synthesized from 4 in 25% yield.

MeQ MeQO

Q Pd(PPhs),Cl,, Cul Q
_ 1-bromo-4-iodobenzene .
d ‘O _|2H diethylamine, 65 °C. 5d * jNBr
\eo 3 MeO 559, 7
Pd(PhCN),Cl,, Cul
P(t-Bu);, TMSA
di-iso-propylamine
1,4-dioxane, RT, 9d
MeO MeQO
Q TBAF Q
N@—:’»H - thf, RT, 1h Nk >—}: Si:-
<, ) 3 @ 3
MO 100%, 4 MeO  gou. 8

Pd(PhCN),Cl,, Cul, P(t-Bu)s
(4-bromophenyl)(tert-butyl)sulfide (2)
di-iso-propylamine

1,4-dioxane, RT, 12 h

Meb '
@Ns“
3
MeO 559, Ref3

Scheme 10. Synthesis of Ref3.
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The thiol ligand 5 and the reference compound Ref4 were synthesized in three steps

starting from the triarylamine 9 (Scheme 11). The aryl bromide was converted into the aryl

hydroxide derivative 10 according to Buck et al.'®” in 64%. Compound 11 was obtained by
adding KOt-Bu and 1,5-dibrompentane to the phenol 10 in 70% yield.'*® From this Ref4 was
synthesized via a substitution reaction with t-BuSH. According to Hu et al.'® the alkane

bromide 10 was transformed into the thiol ligand 1. The synthesis of Au-Taral, Au-Prel and

Ref1l are described in chapter 2.1.

MeQ
{6, 78 °C, 10 m
N_Q_Br 2. r‘1i-troben‘zenr:\'i1 I-n?a “C
thf, 10 min—=RT,4 h
MeO

MeO -
N )0

83%, Ref4

thf, RT, 3 h

MeO

Scheme 11. Synthesis of Ref4 and the thiol 1.

) Q
/_/_/_ NaH, t-BuSH
-

MeO
N OH
64%, 10
1. KOt-Bu
thf, RT, 15 min
2. 1,5-dibrompentane
reflux, 3 h
MeO
/_/_/—Br
N 0]
MeO
70%, 11
hexamethyldisilathiane
TBAF
thf, -15°C  RT,12h
MeQ

Q‘@O /_/_/—SH

MeO 43%, 5
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2.2.2 Analysis

The purity of the Au-Tara samples was checked by NMR spectroscopy. Since molecules
bound to the gold core exhibit broadened peaks in the *H-NMR spectrum?®® 13 any traces of
unbound molecules would superimpose these broadened signals with sharp peaks. However,
the spectra of the Au-Tara particles show only broadened peaks attributed to the organic
layer of the particle (see Figure 20) which proves that the samples are essentially free of

unbound ligands.

A B

- .__.4-‘ T | S S — .../ NV b e

7.0 6.0 5.0 4.0 3.0 20 1.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
(ppm) (ppm)

Figure 20. 'H-NMR spectra of (A) Au-Tara2 in dichloromethane-d,, (B) Au-Tara3 in

dichloromethane-d, and (C) Au-Tara4 in acetone-ds.

The particle gold core size was determined by scanning transmission electron microscopy
(STEM) measurements. The typical images and the histograms of the size distribution are
shown in Figures 21-23 and the results are listed in Table 3. Polydispersity in the core size is
seen but the average radii of the Au-TaralS and Au-Tara2-4 particles are in the same range
of ca. 1 nm. Gold particles of this size are expected to have truncated octahedral or
cubooctahedral shape®® °* % with about 43% of all gold atoms sitting on corners or edges.™®
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Figure 21. Dark field STEM images of Au-Tara2 and the associated histogram; recorded using a FEI

Titan 80-300 transmission electron microscope.
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Figure 22. Dark field STEM images of Au-Tara3 and the associated histogram; recorded on a FEI

Titan 80-300 transmission electron microscope.
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Figure 23. Dark field STEM images of Au-Tara4 and the associated histogram; recorded using a FEI

Titan 80-300 transmission electron microscope.
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Table 3. Average Radius R of the Particle Gold Cores

Au-TaralS Au-Tara2 Au-Tara3 Au-Tara4
Particle radius R / nm? 1.12+0.24° 0.93+0.17 1.04+0.20 0.80+0.23

3particle radii were determined by STEM. "see chapter 2.1.2.

As described in chapter 1.3, the nanoparticles should not be considered as a gold core
covered with an organic layer, but rather as a gold core protected with gold thiolate staples.
The Au-Tara particles are somewhat larger than those discussed in chapter 1.3 but
polydisperse. Thus, one can assume that the ligands in Au-Taral-4 are attached in a similar
fashion as those in refs 46, 54 and 55. However, due to the polydispersity of these samples,
we treat the gold core as spherically shaped and do not consider specific binding modes of the
ligands.

In order to calculate the hydrodynamic radii of Au-Tara2-4, DOSY-NMR measurements
were carried out to obtain the diffusion coefficients of the particles in order to calculate the
hydrodynamic radii. These experiments were performed at 283 K to suppress flow effects
caused by convection. For spherically shaped molecules, the Stokes-Einstein equation
describes the relationship between the diffusion coefficient D and the hydrodynamic radius
Ru:

_ kgT
67nR,

D (9)

in which 7 is the viscosity of the solvent, kg the Boltzmann constant and T the absolute
temperature.” Ry is the sum of the gold core radius R and the thickness Ros of the organic
ligand shell. The calculated diffusion coefficients of Au-Tara2-4 are listed in Table 4. Due to

altering of the Au-Taral$S particle this sample was not analyzed.

Table 4. Dimensions of Particles: Diffusion Coefficient D, Hydrodynamic Radius Ry, Length of
Attached Ligand | and Calculated Thickness of the Organic Shell Ros

Au-Tara2 Au-Tara3 Au-Tara4d
D/ (m%s)? (2.4240.12)x10"°  (2.48+0.08)x10"°  (1.88+0.02)x10™"°
Ry / nm® 1.76 1.72 2.26
I/ nm¢ 2.47 3.01 1.68
Ros=Ry-R 0.83 0.68 1.46

®Diffusion coefficients D in dichloromethane-d, were determined by DOSY-spectra at 283 K.
Hydrodynamic radii Ry were calculated from the D values with the Stokes-Einstein equation. The

length of the ligand was estimated by AM1 computations performed using HyperChem.
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Additionally the length | of the ligands was calculated by the AM1 method. If the
thickness Ros of the organic shell and the length I of the ligand were about the same size the
ligands would be oriented perpendicularly to the surface. As can be seen from Table 4 Ros is
smaller than the length | for all nanoparticles. In case of Au-Tara4 the deviation is only about
0.2 nm. We assume that the deviation is a consequence of the flexibility of the alkyl chain.”®
% The length | of the Au-Tara4 ligand was calculated for a molecule with a stretched alkyl
chain but its flexibility probably shortens the average distance between the triarylamine and
the gold surface. In contrast, the Au-Tara2 and Au-Tara3 particles posses a rigid 7z
conjugated bridging unit which fixes the length of the ligands. For these particles, the Ros and
| values differ even more strongly. If the attached ligands formed a densely packed and
spherically shaped particle, the tilt angel « with respect to the surface normal (see Scheme 12
A) would be:

(10).

|12 +R? - 2R(§S
o =180° - arccos

2R |

This yields an unrealistic angle of about 147° for Au-Tara2 while « is illdefined for
Au-Tara3. Average tilt angels for biphenylthiol derivatives self-assembled on polycrystalline
gold are about 20°,*%% %% 192 and X-ray structures of p-mercaptobenzoic acid protected gold
nanoparticles revealed also a strong angular offset (see Figure 3).>> However, in principle the
angle cannot exceed 90°. Thus, we assume that the calculation of the hydrodynamic radius is
incorrect as it rests on the assumption of a densely packed and spherically shaped particle.
This assumption is likely to be wrong as will be argued below. Shen et al. reported that the
free space around triphenylene moieties on the gold core increases with elongating the

aliphatic bridging unit.***

We suppose that this effect also occurs in the case of the rigid 7
conjugated bridging unit. The free space around the triarylamines increases with the length of
the bridging unit and the outer ligand density decreases. This leads to an urchin-shaped
particle (Scheme 12 B) rather than densely packed spherically shaped particle and the
calculated values for the hydrodynamic radii would deviate. Even though the orientation of
the z-conjugated ligands to the gold surface cannot be determined, the ligands are propably

tilted from the surface normal due to the gold thiolate binding motif.*®->* 2% 13
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Scheme 12. A: Geometrical model of the Au-Tara particles, R is the radius of the gold core, Ros is the

thickness of the organic layer and Ry is the hydrodynamic radius; B: model of the urchin-shaped
particles.

The common method for determining the organic weight fraction Po_ of gold
nanoparticles (AuNP) is thermogravimetric analysis (TGA). By heating the sample, the
organic ligands are cleaved from the gold core and the weight loss is detected. Usually, the
sample residue of this process is pure gold. Indeed, this is observed for Au-Tara4. The

weight loss is seen in the TGA-analysis of Au-Tara4 as a large step (Figure 24).
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Figure 24. TGA analysis of Au-Tara2 (solid black line), Au-Tara3 (solid blue line) and Au-Tara4
(solid red line).
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The weight proportion of the organic layer thus is 40% in this functionalized alkanethiol
covered nanoparticle. In contrast, Au-Tara2 and Au-Tara3 exhibit a gradual weight loss with
much smaller steps over a large temperature range, and the sample residue was slag-like with
some “gold-nuggets” inside. Hence, the method is not suitable to evaluate the organic weight
fraction for the Au-Tara2 and Au-Tara3 particles with arenethiol ligands.

2.2.3 Electrochemistry

The redox potentials Epy of the reference compounds and the redox-center-
functionalized nanoparticles were determined by Osteryoung square wave voltammetry
(OSWV). These measurements were performed in dcm/TBAH at 298 K. Figure 25 displays
the voltammograms of the Au-Tara particles. All compounds (nanoparticles Au-Tara and
reference ligands Ref) possess two oxidation peaks, which can be attributed to the first and
second oxidation of the triarylamine unit (see Table 5).'"* Multi-cycle thin layer cyclic

voltammetry experiments show that the first oxidation peak is in all compounds chemically

reversible.
Au-Taral O, Au-Taral
— Au-Tara2 & B, === \Voigt-function
— Au-Tara3 ¢ q © Fit
— Au-Tarad J %
g IOV
i : or / %
= o)
O ! ‘\ %
&5 / %
r / Y Q%)
9 / *
oQO ”’ S IS QQQQ
~0Q0S /" Sean Q)
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E/mVvs Fc/Fc” E/mVvs Fc/Fc”

Figure 25. Left: OSWV of Au-TaralS (solid green line, capacitive background currents were
subtracted), Au-Tara2 (solid black line), Au-Tara3 (solid red line) and Au-Tara4 (solid blue line) in
dcm/0.3 M TBAH solution at 298 K with a platinum working electrode (A = 3 mm?). The peak current
of the first redox wave is normalized; Right: Fit of the OSWV of Au-TaralS with two Voigt-

functions.
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The first redox potential Eox1) for the particles Au-TaralS and Au-Tara3 is very similar
to that of the corresponding reference compounds (Table 5). In case of Au-Tara2, the
oxidation peak is shifted by 30 mV to higher values and in case of Au-Tara4 to lower values
than the respective reference compounds. The reason for these minor differences is unknown
but may be due to orientation effects of the triarylamine moiety relative to the gold core. The
significant difference between Au-Tara4 and the other Au-Tara species is due to the third
alkoxy group attached to the triarylamine moiety which lowers the redox potential *o% 1'% 19
In conclusion, these results show that attaching the ligand to the gold particle via a long
m-conjugated or an aliphatic bridging unit does not affect the redox potential of the
triarylamine units significantly. Therefore, a strong gold core-chromophore interaction cannot
be observed by electrochemical methods.

Table 5. Redox Potentials of Au-TaralS, AuTara2-4 and Refl-4 Determined by OSWV vs.
Ferrocene (Fc/Fc®) in dem/0.3 M TBAH Solution at 298 K with a Platinum Working Electrode
(A=3mmd

Redox potential / mV

Eox1 Eox)

Au-TaralS 290, 420° 980
Refl 280 950
Au-Tara2 310 960
Ref2 280 980
Au-Tara3 290 970
Ref3 290 960
Au-Tara4 80 760
Ref4 110 860

aDetermined by a fit with two Voigt-functions (see chapter 2.1.3).*®

Unlike Au-TaralS, the shape of the oxidation waves in the OSWV and CV of the
Au-Tara2-4 particles is only slightly broader (peak width at half height 108-116 mV) than
the ideal peak width of 90 mV.% This indicates that the triarylamines react independently of
each other as non-interacting redox centers.”® ® % In contrast, the OSWV analysis of
Au-TaralS exhibits a broadened signal for the first oxidation of the triarylamines (see Figure
25 left). A fit of the OSWV voltammograms by two Voigt-functions reveales that the

broadening is due to a splitting of the oxidation into two peaks (see Figure 25 right and
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chapter 2.1.3). This splitting is associated with a strong interligand coupling between
neighboring triarylamine centers.*?

Two reasons may account for the fact that strong intraparticle coupling of the ligands
cannot be detected for the Au-Tara2-4 particles. First, the distance between the terminal
triarylamine units increases with the length of the rigid z~conjugated bridging unit (Scheme
13). This increasing distance possibly diminishes the coupling between neighboring
triarylamines. That is why a broadening of the redox signal is not seen for the Au-Tara2 and
Au-Tara3 particles. Note that in mixed valence bis-triarylamine systems the coupling
between the triarylamine units also decreases by lengthening the distance between the
units.*®® 2 Furthermore, electrochemical studies on self-assembled monolayers on flat gold
surfaces revealed signal broadening for attached redox centers.*® *" ** |t was shown that the
broadening depends on the mole fractions of the redox center in the monolayer. At low mole
fractions, the oxidation wave becomes symmetric and less broadened.'®® Aside from
inhomogenities of the monolayer the broadening may originate from interactions between the
redox centers.'® 1% % Second, in case of Au-Tara4, the redox centers are attached to the
gold core via a flexible alkyl chain. The flexibility of the bridging unit possibly prevents a

strong interaction as was reported for ferrocene-functionalized nanoparticles.”

_y
—0—0—@

. triarylamine

Scheme 13. Model of the Au-Taral-3 particles: relation between the distance of neighboring

triarylamines and the length of the z-conjugated bridging unit.

Furthermore, we used the redox properties of the triarylamines to analyze the organic
layer of the Au-Tara2-4 particles with cyclic voltammetry. The redox-peak current ip in a
cyclic voltammetry experiment is a function of the square root of the scan rate v and is

described by the Randles-Sevcik equation (11):
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i, = 0.4463n3’2F3’2ACO,/£ (12)
RT

in which n is the stoichiometric number of electrons involved in the electrode reaction, F is

Faraday’s constant, D is the diffusion coefficient (determined by DOSY, see Table 4), A is the
effective electrode area (A = 0.64 mm?, determined by ferrocene), T is the temperature (T =
283 K), and Cy is the concentration of the electroactive species. The electrode reaction is
described to be a single electron process (n = 1).2% 38 A plot of ip (in A) versus v'/2 results in
a straight line. The concentration Cy (in mol m™®) was evaluated from the slope m of this line
by:

C, = m (12)

0.4463 -F3'2A b

RT

We divided Cy by the concentration Caunpe (Weight per volume) of the cyclic voltammetry
(CV)-solution used to obtain the mole of triarylamine units per gram nanoparticle Crara/aunp:
c:0

C ara/AUNP — ~ (13)
Tara/AuNP CAuNp
From this we calculated the triarylamine weight fraction P+, 0Of the total weight by:
C M ara
PTara = CO: : = CTara/AuNPMTara (14)
AuNP

The CV-measurements of Au-Tara2-4 at different scan rates and the plot of the redox-

peak current ip versus the square root of the scan rate v are given in Figures 26 and 27. In all

Y2 This indicates that the particles do not adsorb

7
d.85’8 ,

cases, the current ip increases linearly with v
onto the electrode surface and a linear diffusion controlled redox process can be assume
%L 197 The analysis of the plot with the Randles-Sevcik equation and the corresponding

calculations are presented in Table 6.
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Table 6. Concentration of Redox Active Molecules (Triarylamines) per Volume C, of the CV-
Solution, Concentration of the Total Weight of the Particles per Volume Caunp Of the CV-
Solution, Number of Redox Active Molecules per Total Weight of the Particles Craraaune,
Triarylamine Weight Fraction Pr,, Organic Weight Fraction Po., Average Composition of the

Particles and Formal Particle Surface Coverage I”

Au-Tara2 Au-Tara3 Au-Tara4d
Co/ (mol L)? (1.03+0.06)x 107 (0.979+0.06) x10°  (0.992+0.05) x107°
Cauve/ (g LY 1.24x10° 1.04x10° 1.09x10°
Crawaune / (Mol g%)  (0.831+0.048) x10°  (0.941+0.058) x10°  (0.910+0.046) x10°°
Prara 45% 60% 38%
Pol” - - 40%

Average ] ] ]
. AU195(Tara-||gand)59 AU273(Tara'||gand)127 AU124(Tara-||gand)35
composition®

'/ nm? 5.4 9.3 4.4

3Calculated by the Randles-Sevcik equation from a cyclic voltammetry experiment. "Determined by
TGA. “The average composition of the nanoparticles was established by the calculated triarylamine
weight fraction Pry, and the gold core radius R assuming that the gold core has a tightly-packed

spherical structure and the organic layer consists only of the triarylamine ligands.

The triarylamine weight fraction Prar, is calculated to be 38% for Au-Tara4. This value
is in amazingly good agreement with that from the TGA measurement. Because of the higher
molecular weight Au-Tara2 and Au-Tara3 show higher values for Pr4,. From these data and
the average gold core particle size determined by STEM, we evaluated the average
composition of the nanoparticles. We used a model published by Terrill et al. which assumes
a tightly-packed spherical gold core with an atom density of bulk gold pa, of 58.01 atoms
nm-3.20

We also calculated the surface coverage 7" as the number of ligands per gold particle
surface. The surface coverage is 5.4 molecules nm™ for Au-Tara2 which is much larger than
that of very similar triarylamine-thiol ligands on flat gold surfaces which is ca. 1-2 molecules
nm, 17 but very similar to the coverage of tolanthiol on Au(111) (4.8 molecules nm?).2*® A
surface coverage of ca. 5 molecules nm™ is well conceivable for the nanoparticles (AuNP) if
one takes the urchin-like arrangement of ligands into account which allows a dense packing
right at the gold particle surface (where the ligands of Au-Taral-3 are more like the above
mentioned tolanthiols) but a loose configuration at the bulkier triarylamine termini. The

coverage for Au-Tara3 is 9.3 molecules nm which is still below the formal coverage of a p-
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mercaptobenzoic acid protected gold nanoparticle (102 Au toms and 44 ligands)® of 14.5

molecules nm™.
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Figure 26. Cyclic voltammograms of Au-Tara2-4 at different scan rates in dcm/TBAH at 283 K with

a platinum working electrode (A = 0.64 mm?); each voltammogram is referenced against Fc/Fc*.
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Figure 27. Redox-peak current ip (filled circles) versus square root of the scan rate v for Au-Tara2-4;

the capacitive background currents were subtracted for the determination of ip. The linear correlation is

given by solid lines.
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2.2.4 UVNiIsSINIR Absorption Spectroscopy

The optical properties of the here presented compounds were investigated by UV/vis/NIR
absorption spectroscopy (see Figure 28). The reference compounds Ref2 and Ref3 exhibit
two intense absorption bands at 26000 and 32700 cm™. In comparison to Refl, which also
shows two bands, both bands are bathochromic shifted which is due to the more extended 7
system. In contrast to the z-conjugated ligands, Ref4 shows only one intense band at
33300 cm™ with a weak shoulder to the red edge at 27900 cm™. The substitution pattern is
responsible for this band structure.*”

Alnm
1600 800
50000 Au-Taral
i Refl
1—Au-Tara?
400004 - - - Ref2
| —Au-Tara3
o) - - - Ref3
% 30000- — Au-Tara4
& {--- Ref4
% 20000+
100004
0- mcmee -
10000 20000 30000 40000
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Figure 28. Absorption spectra of the Au-Tara nanoparticles (solid lines) and the corresponding
reference compounds (dotted lines) in dcm. The extinction coefficients refer to the reference
compounds Ref. The most intensive band of the nanoparticles is normalized to the most intensive band

of the corresponding reference compound.

The spectra of Au-Tara2 and Au-Tara3 are characterized by two intense absorption
bands at 27200/26000 cm™ and 33600/32700 cm™. Both can be assigned to the triarylamine
ligands. In the case of Au-Tara3, the band maxima are at the same position as in the
reference compound Ref3. The band maxima of the triarylamine ligands in the spectra of Au-
Tara2 are blue shifted both by ca. 1200/900 cm™ in comparison to Ref2. The blue shift might
either be due to an increased interaction of the chromophore ligand with the emanating

electrostatic field of the gold core or is due to an interaction between neighboring ligand
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chromophores (excitonic interaction of transition dipole moments). The spectra of Au-Tara3
do not exhibit such a shift of the triarylamine bands. Although the chromophore density is
larger than in Au-Tara2, both possible interactions are weakened due to the longer bridging
unit. Lengthening of the bridging unit increases the distance between the chromophore termini
and the gold core and therefore results in decreasing gold-chromophore interactions.
However, lengthening also increases the distance between neighboring ligand chromophores
whose inter-chromophore interactions consequently also decrease. Thus, even though the
larger chromophore density in Au-Tara3 than in Au-Tara2 should lead to a decrease of the
chromophore-chromophore distance, we assume that the longer bridging unit in Au-Tara3
overcompensates this effect.

In the spectrum of Au-TaralS (see also Figure 15), the low energy ligand band of the
triarylamine ligand was not observed. This was interpreted to be due to an anisotropic
interaction between electromagnetic fields emanating from the gold core with the two
differently oriented transition moments of the ligand (see chapter 2.1.4). This interaction
affects predominantly the low energy band of the ligand polarized along the long molecular
axis.’”® Both ligand bands of the Au-Tara2 and Au-Tara3 particles are very intense.
However, in these systems the bridging unit is too long to mediate a strong gold core-
chromophore interaction as in Au-Tarals.

The absorption spectrum of Au-Tara4 reflects the absorption properties of the reference
compound Ref4 very closely. The transition moments of the ligands do not seem to be
affected by the gold core or the adjacent ligands. In this case, the aliphatic bridging unit
prevents any intraparticle and ligand-gold interactions. We assume that both the flexibility
and the aliphatic character of the bridge are responsible for this observation.

In order to study the ligand-gold interactions in more detail, we have performed gel
permeation chromatography (GPC) analysis to fractionate the polydisperse samples of
Au-Tara2-4 by size.!**?* In Figure 29, the absorption spectra of the fractions are plotted
versus the particle size (the size decreases with the retention time). With decreasing particle
size, the band maxima of the chromophores do not shift. In contrast, the optical properties of
the gold core change while scanning the particle size. Therefore, we conclude that the size-
related optical and electronic effects of the small gold core do not affect the optical properties
of the attached chromophores. This indicates that the long 7~conjugated and aliphatic bridging

units cannot support any interactions between the chromophores and small gold cores.
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Figure 29. GPC analysis of Au-Tara2, Au-Tara3 and Au-Tara4; UV/vis spectra vs. retention time.

We also calculated the molar extinction coefficients of the triarylamine absorption bands
via the Lambert-Beer law and the concentration of triarylamines in the nanoparticle solution
(Crarwaune, NumMber of redox active molecules per total weight of the particles, see Table 6).
The ligand extinction coefficients of the Au-Tara compounds are larger than those of the
reference compounds (see Table 7). This is due to the ligand bands overlapping with bands of
the gold core. The electronic transitions of the gold core have weak intensity in the red and
gain intensity with increasing wave number.% The resulting gold core spectrum superimposes

the ligand spectra. As a result of the small gold core size, the surface plasmon band, a broad
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absorption band in the visible region around 19100 cm™, is not seen in the spectra of

Au-Tara2-3.’

Table 7. Absorption Maxima v and Corresponding Extinction Coefficients £in dcm

viem™(g/Mem™)

Refl 27600 (37700) 34500 (21400)
Ref2 26000 (48800) 32700 (40700)
Au-Tara2 27200 (53600°%) 33600 (48900°)
Ref3 26000 (50200) 32700 (45600)
Au-Tara3 26000 (62400°) 32900 (49100°)
Ref4 33300 (24800)
Au-Tarad 33300 (44200

4Extinction coefficient per mole ligand.
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2.2.5 Spectroelectrochemistry

Furthermore spectroelectrochemical measurements were carried out in order to monitor
the UV/Vis/NIR spectral changes of the AuNPs during stepwise oxidation. In principle, both
the gold core as well as the triarylamine center can be oxidized. Only the first oxidation was
investigated, because the oxidation to the dication of the triarylamine ligands is chemically
irreversible on a long timescale. All spectra (see Figure 30) demonstrate that with proceeding
oxidation the triarylamine bands lose intensity and simultaneously an intense band between
13000 cm™ and 14100 cm™ rises. This new band is associated with a 7z-z*-transition of the
triarylamine radical cation. Taking into account that the spectra of Au-Tara3 and Au-Tara4
are superimposed by the gold core absorption bands, the spectra of the triarylamine radical
cations are very similar to the spectra of the radical cations of the corresponding reference
compounds. A comparison of the corresponding difference spectra illustrates this fact in more
detail (see Figure 31). In the case of Au-Tara2, the progression of the spectra differs from
Ref2. For a better overview, we partitioned the spectra of Au-Tara2 in three processes. The
first (given in red) process shows an increase of bands in the vis/NIR region and a decrease of
bands in the UV region (see also Figure 32A). The next process (in yellow) is characterized
by the increase of the 7-z*-transition band at 13100 cm™ of the radical cation and a weak
band at 6000 cm™. The letter one diminishes during the last process (in blue, see inset in
Figure 30). In order to point out the dynamic of the three consecutive processes in more
detail, the difference spectra of the SEC measurement are shown in Figure 31. The different
progression of the individual processes is clearly seen in the NIR region.
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Figure 30. SEC of Au-TaralS, Au-Tara2-4 and Ref1-4 in dcm/0.3 M TBAH solution at 298 K.
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Figure 31. Difference absorption spectra of the SEC measurements with respect to the neutral species.
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The increase and decrease of the bands in the first process is probably a result of gold
core charging supported by the electrolyte. We assume that the TBAH electrolyte penetrates
into the organic layer and mediates the charging of the gold core. It is known that charging the
gold core can affect gold core transitions in the UV/vis/NIR region.*® % 7 202 203 The
incorporation of electrolyte in the organic layer is possibly a consequence of an
inhomogeneous and quite loose arrangement of the ligands in case of Au-Taraz2.

168, 172, 177 4o \weak band at

As has been observed in other bis-triarylamine systems,
6000 cm™ that rises and decreases during the oxidation of Au-Tara2 can be assigned to an
intervalence charge transfer band (IVCT) which is associated with a hole transfer from an
oxidized triarylamine to a neighboring neutral triarylamine. Thereby the hole is transferred
through space between the triarylamines.*? 18 2 The Au-Taral$ particle exhibits an even
more intense 1IVCT-band than that of Au-Tara2 (see also chapter 2.1.5). This is likely due to
the larger Tara-Tara distance in Au-Tara2 than in Au-TaralS (see also Scheme 13),
resulting in a lower intraparticle coupling of the ligands. The OSWV measurements confirm

this conclusion.
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Figure 32. Difference absorption spectra of the SEC measurement of Au-Tara2; (A) the first process

of the measurement (red), B) NIR-region of the spectra.

2.2.6 Conclusions

In this chapter, we presented the synthesis and the spectroscopic/electrochemical analysis

of triarylamine-functionalized gold nanoparticles. We focused on relatively small gold
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nanoparticles with an average radius of ca. 1 nm. This avoids strong surface plasmon bands
that would otherwise interfere with transitions associated with the chromophore ligands. The
triarylamine ligands were attached to the gold core via different z~conjugated bridging units
that differ in their length and, for comparison, via a saturated alkyl chain. A combination of
scanning transmission electron microscopy (STEM) measurements and cyclic voltammetry
(CV) measurements allowed the determination of the average gold-ligand composition of the
gold nanoparticles (AuNP). These data suggest an urchinlike structure with a dense arenethiol
packing right at the gold core surface but a much more loose arrangement at the terminal
triarylamine moieties.

The absorption and electrochemical properties of the triarylamine ligands attached to the
gold core depend on the length and the chemical structure of the bridging unit. For
Au-Tarals, strong gold-ligand interactions in the neutral state are visible in the UV/vis
spectra as well as interligand interactions in the oxidized state by a splitting of redox
potentials and by the observation of an interligand IVCT band.*® %% 7202203 por Ay-Tara2,
only a very weak IVCT band is visible upon oxidation of the triarylamine ligands. For
Au-Tara3 and Au-Tara4, neither gold core-chromophore nor chromophore-chromophore
interactions are seen. This is due to the extended length of the z~conjugated bridging unit in
Au-Tara3 and the blocking character of the aliphatic Cs-chain in Au-Tara4. Thus, short and
7-conjugated character of the bridging unit is essential to facilitate a communication between
the gold core and the chromophore and between neighboring chromophores. On the other
hand, the fact that there is no interligand interaction present in Au-Tara3 and Au-Tara4 leads
to an “electron sponge” behavior of these nanoparticles; that is, they can be charged up to an
average of 122 positive unit charges in the case of Au-Tara3 at the same potential, a property
that may be used in molecular batteries.®®

The results presented in this work give a basic insight in the optical and electrochemical
properties of triarylamines, located in the vicinity of a gold nanoparticle. Because the
triarylamine nanoparticle system is both redox active and optically excitable, there is

considerable potential for using this system in optoelectronic devices.
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2.3 Optical and Electrochemical Properties of Perchlorinated

Triarylmethyl Radical-Functionalized Gold Nanoparticle Systems

2.3.1 Introduction

Perchlorinated triarylmethyl (PCTM) compounds are promising molecules in the field of
molecular electronic switches and have therefore been studied very intensively in the last two
decades, 0% 166 178, 206214 Thejr guitability for such applications is mainly a result of the
chemical and physical properties of the anionic and the neutral species. Both species are
chemically stable, due to the electron-withdrawing character of the chlorine substituents and
the effective steric shielding of the central carbon by the chlorine atoms in the ortho position.
Furthermore, the radical species can be electrochemically reduced to the anionic species.
Therefore the PCTM-radical was used as an acceptor in donor-bridge-acceptor molecules in
order to study the optically induced electron-transfer.?® 22 Especially bis-PCTM-radical
systems and PCTM-radical-triarylamine systems have been investigated.'®% 166 178. 209-211 Thg
latter have been demostrated to be the first neutral organic mixed valence compounds.
Another important feature of the PCTM-compounds is that only the radical species exhibits
magnetic behavior. The group of Rovira has shown that electroactive PCTMs, self-assembled
onto flat gold or SiO, surfaces act as molecular switches which are electrochemically
switchable between the magnetic on/off states.””® #** These investigations demonstrated the
potential of PCTM-compounds for the fabrication of molecular electronic switches.

The object of this work was to generate a soluble nanoswitch. Therefore, a PCTM-
radical-functionalized gold nanoparticle (Au-Rad) was synthesized and the optical,

electrochemical and spectroelectrochemical properties were investigated.
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2.3.2 Synthesis

The perchlorinated triarylmethyl radical-functionalized gold particle Au-Rad and the

reference compound Ref5 were synthesized starting with compound 12 (Scheme 14). The aryl

iodide 12 was transformed into the boron ester 13 in three steps.

1. n-BulLi
thf, =78 °C

2. tri-iso-propylborate

-78 °C, 10 min = RT, 4 h
3. pinacole

Et,0, reflux, 24 h

A

12

- O

92%, 13

Pd(PPh3),
Na,CO3(aq.)
toluene, 120 °C, 24 h

1. KOt-Bu, 30 min
- DMSO, RT
2. p-chloranil, 60 h
Cls 83%, Ref5 Cls  51%, 15
BBr3, AcCl
dichloromethane
-30°C, 3h
1. HAuCl,4
- thf, RT
2. LiBH,4

Cls Au-PCTM

1. KOt-Bu, 30 min
DMSO, RT
2. p-chloranil, 60 h

Au-Rad

Scheme 14. Synthesis of Ref5 and Au-Rad.

86%, 16

61



2 Triarylamine and Perchlorinated Triarylmethyl Functionalized Gold Nanoparticles

Compound 13 was coupled with the perchlorinated triarylmethane derivate 14'% via
Suzuki reaction to yield compound 15 in 51% yield.?*> **® The triarylmethane derivative 15
was deprotonated with KOt-Bu and then oxidized with p-chloranil to the radical Ref5.2® The
acetyl protected thiol 16 was synthesized from 15 with BBr3 and acetyl chloride. Compound
16 was insitu deprotected with LiBH, to the thiolate and then added to the auric acid to obtain
Au-PCTM. Deprotonation of the triarylmethane derivative Au-PCTM followed by an
oxidation yielded the radical Au-Rad.

2.3.3 Analysis

As described above, 'H-NMR spectroscopy is useful to study the organic layer of gold
nanoparticles. The spectrum of the precursor Au-PCTM displays broadened signals for the
ligands and some aliphatic impurities (Figure 33). Therefore, the sample contains no “free”
ligands and a stable organic layer has been formed. Due to the paramagnetic character of the
PCTM-radical, the target compound Au-Rad could not be characterized by 'H-NMR

spectroscopy.

86 70 60 50 40 30 20 10
(ppm)
Figure 33. 'H-NMR spectra of Au-PCTM in dichloromethane-d,.

TEM measurements on a JEOL JEM-2010 at the Fraunhofer-Institut at Wirzburg were
carried out to determine the particle size. As can be seen from Figure 34 the resolution of the
TEM was not high enough to study the particle size accurately. The contrast between the
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black balls and the background is very bad, but the particle radius can be estimated to be
smaller than 0.5 nm.

Figure 34. TEM image of Au-PCTM.
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2.3.4 Electrochemistry

The redox potentials of the PCTM-radicals Ref5 and Au-Rad were checked by CV
(Figure 35). Both compounds show a reversible reduction wave which is at -660 mV for
Au-Rad and at -650 mV for Ref5 (Table 8). This wave is associated with a reduction of the
PCTM-radical to the anionic derivative.'®® % 2" From the CV it is evident that the radical

species of the PCTM-ligand was successfully formed.
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Figure 35. Cyclic voltammograms of Au-Rad (solid black line) and Ref5 (solid red line) in
dcm/TBAH (0.3 M) with scan rate of 250 mVs™ at 298 K with a platinum working electrode (A = 3

mm?); the voltammograms are referenced against Fc/Fc".

Table 8. Redox Potentials of Au-Rad and Ref5 Determined by CV vs. Ferrocene (Fc/Fc¥) in
dem/0.3 M TBAH Solution with Scan Rate of 250 mVs™ at 298 K with a Platinum Working
Electrode (A = 3 mm?)

Redox potential Eqeq) / mV
Au-Rad -660 mV
Ref5 -650 mV

The redox potentials of the two PCTM-radicals are very similar. Hence, attaching the
PCTM-radical to the gold core does not alter the electrochemical behavior of the radical. The
peak separation is about 100 mV for Au-Rad and higher than the ideal peak separation for a

reversible electrochemical reaction of 59 mV. This broadening could be explained by a weak
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interaction between the radical moieties on the gold surface and was already described for

self-assembled monolayers of PCTM-radicals on gol

d.206

2.3.5 UVNiIsSINIR Absorption Spectroscopy

The UVl/vis spectra of the perchlorinated triarylmethane nanoparticles (Au-PCTM,
Au-Rad) and the corresponding ligands (15, Ref5) are shown in Figure 36. All PCTM-

derivatives have a strong absorption at 43500 cm™. This band and a very weak absorption

band in the section between 32800 cm™ and 35800 cm™ is typical of PCTM-derivatives.*

Only the radicalized compounds show absorption bands around 26000cm™, which are

characteristic for PCTM-radical compounds.’®® #? %3 The radical-band of Au-Rad is less

intensive than of Ref5. This suggests an incomplete radicalization of the PCTM-ligand. In

comparison to Ref5 the radical band of Au-Rad is red shifted. This is probably due to

interactions between the radical units and the gold core.'® Interactions between neighboring

radicals can be neglected because the density of radicals on the gold surface is very low due to

an incomplete radicalization.
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Figure 36. The absorption spectra of Au-Rad(black line), Au-PCTM (blue line) and the

corresponding ligands Ref5 (red line) and 15 (green line) in decm.
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2.3.6 Spectroelectrochemistry

Spectroelectrochemical measurements were carried out to study intraparticle interactions
between neighboring radical and anionic species. Therefore the radical species is successively

reduced to the anionic species. The difference spectra of the SEC are displayed in Figure 37.
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Figure 37. Difference absorption spectra of the SEC measurements with respect to the neutral species:

reduction of (A) Au-Rad and (B) Ref5 to the anionic species.

While generating the anionic species, the characteristic radical band loses intensity
(negative absorption) and a new band gains intensity. The new absorption bands at
19200 cm™ for Au-Rad and at 19300 cm™ for Ref5 can be assigned to the anionic PCTM-
species (Figure 37).2%8 210 212. 213 aqditionally, a weak band at 14000 cm™ is observed in the
spectra of Ref5 which is caused by an internal electronic transition of the anionic species
(Figure 37 B). The reduction process is reversible for both compounds and intervalence
charge transfer behavior can not be detected. The interaction between the radical and the
anionic species possibly did not occur because of the above-mentioned low density of the
radicals on the gold surface.

The CV and the SEC experiments revealed that the radical nanoparticle hybrid system
behaves like a molecular switch which is electrochemical switchable between the
paramagnetic radical and the anionic species. This process is also associated with a change in

the optical properties.
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2.3.7 Conclusion

Gold nanoparticles functionalized with perchlorinated triarylmethane derivatives were
synthesized and the optical and electrochemical properties analyzed. Due to the low resolution
of the TEM the radius of the gold core could only be estimated to be smaller than 0.5 nm. The
PCTM-ligands of the Au-PCTM particle were chemically radicalized to the PCTM-radical.
Subsequent electrochemical and UV/vis/NIR absorption measurements were carried out to
confirm the presence of the PCTM-radical. The cyclic voltammetry measurements
demonstrated that the radical can be reversibly reduced to the anionic species. By comparison
with the unbound PCTM-radical Ref5 one observes that the electrochemical behavior of the
radical is marginally perturbed by attaching it to the gold core. The optical investigations have
shown that the radicalization of the Au-PCTM particle was incomplete and the density of
radicals on the gold surface is reduced. That is why only weak interactions between
neighboring PCTM-radicals are detected in the electrochemical and optical investigations.
The radical and the corresponding anionic species were also detected in the SEC. The CV and
the SEC experiments revealed that the Au-PCTM particle is electrochemically switchable
between two magnetic on/off states. This behavior could be useful in the field of molecular

switches as described for self-assembled radical monolayers on Au(111) surfaces.?*® 2%
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2.4  Synthesis of Au-Tara Systems with Short Bridging Units

Triarylamine-functionalized gold nanoparticles with very short bridging units
(Au-Tarab, Au-Tara6) were thought to exhibit strong interligand and ligand-gold core
interactions. The short bridge should facilitate both, a strong intervalence charge transfer
behavior between neighboring triarylamines and possibly interfacial charge transfer behavior

between the adsorbed triarylamines and the gold core.

MeO MeO

Qs QM
sl o

MeO MeO
Au-Tarab Au-Tarab

2.4.1 Synthesis of Au-Tara5

In order to synthesize the nanoparticle Au-Tara5 the precursor 20 was generated in three
steps (Scheme 15). The triarylamine derivative 17 was treated with n-buthyllithium and N,N-
dimethylformamide to give the aldehyde 18 in 71% vyield.

MeO MeQ
1. n-BuLi @ 0 Nan @
thf, -78 °C, 10 min ) aBH,
: : . —_———
N~ B s N~ EtOH. RT, 4 h
-78 °C, 10 min = RT, 18 h Q
MeO MeO MeO
17 71%, 18 91%, 19
1. PPh, DIAD
2. thioacetic acid, thf
0°C, 15 min =RT, 14 h
1. HAuCl,
thf, RT @
: . > < 2. LiBH,
MeO MeQ o
Au-Tara5 54%, 20

Scheme 15. Synthesis of 20 and attempted synthesis of Au-Tarab.
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The aldehyde was reduced with sodium borohydride to the alcohol 19. Compound 19 was
converted into the thioester 20 via a Mitsunobu reaction in 54% yield.?*® Several attempts
were made to synthesize the nanoparticle Au-Tara5 but it was not possible due to
agglomerization. When the triarylamine 20 was added to the auric acid the yellowish solution
turned deep black. This indicates that the auric acid was reduced by the triarylamine to
generate gold nanoparticles. The addition of lithium borohydride yielded agglomerated
products. Probably the short Cy-bridging unit leads to a steric hindrance between the bulky
triarylamine units. This prevents a homogeneous assembling of the ligands around the gold
core to produce stable nano particles.

2.4.2 Synthesis of Au-Tara6

The synthetic path to the thiol 23 is outlined in Scheme 16. Compound 10 was converted
into the triarylamine 21 with dimethylthiocarbamoy! chloride (DMTCC) and sodium hydride
in 37% yield.?* #° A palladium catalyzed Newman-Kwart rearrangement was used to
transform the O-thiocarbamide 21 into the S-thiocarbamide 22 in 47% vyield.”** The reaction
of 22 with sodium hydroxide yielded 49% of 23. The synthesis of Au-Tara6 also failed.
Exactly the same observations were made as described for Au-Tara5 and the same reasons

can be assumed.

MeO MeO MeO
S, Pd,(dba);*CHCl, @ o
DMTCC, NaH @ PN P(-Bu)s >N
L — N k- A
N D OH gt = N Q © toluene, 120°C, 3d N C S
1.-13°C = 0°C, 15 min @ Q
2.80°C, 2d
MeO MeO MeO
10 37%, 21 47%, 22
NaOH

MeOH, 6 h, 75 °C

MeQ 1. HAuCl, MeQ
Q thf, RT Q
2. LiBH
N~V % N—_)-sH
Me(§ MeQ
Au-Tarab 49%, 23

Scheme 16. Synthesis of 23 and attempted synthesis of Au-Tara6.
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2.4.3 Concluding Remarks

The synthesis of the Au-Tara systems with short bridging units was not successful. Despite
this fact an important conclusion can be drawn: the bridging unit seems to be short enough to
facilitate a strong triarylamine gold interaction. Normally, the addition of a thiol derivative to
auric acid results in the formation of a colorless gold(l)-thiolate complex as observed for the
synthesis of Au-Tara4. Instead, in case of 20 and 23 the yellowish solution turned deep
black. This indicates that the auric acid is immediately reduced to gold(0) after the formation
of the gold(l)-triarylamine thiolate complex, resulting in the generation of small nanoparticles.
This redox reaction can probably be assumed to result from an electron transfer from the

triarylamine to the gold(l) species resulting in the formation of unstable gold nanoparticles.
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3  Raman-Reporter Molecules for SERS Application

3.1 Introduction

An impressive application of nanoparticle systems is their use in the field of
nanobiotechnology. Nanoparticles are attractive candidates for biodiagnostic assays and drug
delivery systems because of their structural robustness, small size and correspondingly large

surface-to-volume ratio as well as their size-related physical properties.

3.1.1 Drug Delivery Systems

In the biomedical research area, nanoparticle systems can be used as drug delivery
systems for photodynamic therapies (PDT).}®® 40 222 |n these therapeutic methods the
particles are functionalized with photosensitizers and transferred into cancer cells. When such
photosensitizers are irradiated with an appropriate wavelength of light, the excited molecule
can transfer the energy to molecular oxygen to form singlet oxygen (*O,) (Scheme 17). The
reactive oxygen species is cytotoxic and is able to destroy cancerous tissue.’*

Cancer cell
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Scheme 17. Photodynamic process involved in photodynamic therapy.
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The photosensitizing agents should absorb light in the far-red region of the
electromagnetic spectrum, because these wavelengths exhibit a greater penetration depth into
human tissue.™*" 22® Phthalocyanines are a class of compounds that fulfill this need. In order to
infiltrate the sensitizer into the cancer cells a drug delivery system is required. For this reason
phthalocynanine-functionalized gold nanoparticles have been developed®®” %% ?% hecause the

gold core is chemically inert and has a minimum toxicity.**

3.1.2 Tuning the Absorption Properties

The absorption properties of nanoparticles can be influenced by the physical properties of
the surrounding medium. Especially the surface plasmon absorption band is very sensitive to
changes of the index of refraction.?®® This effect was examined intensively for dye-

26,21, 225 226 and was used for sensing applications.??” *® For example,

nanoparticle structures
Frederix et al. have developed a method for the detection of human serum albumin (HSA).
Therefore, the attachment of the complementary anti-HSA antibody to a HAS-functionalized
nanoparticle results in a shift and an increase of the SPB and inter band transitions.??
Furthermore, several groups have shown that also aggregation effects of nanoparticle
structures can be used to detect biomolecules.?®%* The aggregation can be induced by

21 or by linking molecules (DNA strains).”** The

anionic molecules (Concanavalin A)
decrease of the SPB intensity signals the recognition of the biomolecule. Another approach
was to initiate aggregation by dipole-dipole interactions.?*®* For this strategy, nanoparticles
were functionalized with azobenzene to take advantage of the light-induced switch in between
the trans and cis state.”** The isomerisation gives rise to a significant increase of the dipole
moment and consequently the particles aggregate. This concept was used by Grzybowski et

al. to develop a self-erasable ““ink’”.*°

3.1.3 Light Emitting and Scattering Probes

Nanoparticle systems have also been developed for the detection, labeling and sensing of
biomolecules with fluorescence and Raman spectroscopy. The energy level diagram of the
fluorescence and the Raman scattering are illustrated in Scheme 18. Concerning the
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fluorescence, the absorption of a photon results in an excitation of the molecule into a higher
electronic and vibrational state S;. After molecular vibrational relaxations a photon is emitted
and the molecule returns to the ground state. The emitted light is shifted to lower energy due
to the vibrational relaxation (e.g. vi = w) in the excited electronic state. Generally, the

fluorescence signal is related to the electronic structure of the molecule.

A .
Fluorescence = Raman-scattering
R
S S,
§ M virtual state
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Scheme 18. Energy level diagrams for fluorescence and Raman scattering; S are electronic and v are
vibrational states of the molecule; arrow-up represents the incident exciting light whereas arrow-down

represents the emitted or scattered light.

In contrast, Raman spectroscopy is directly associated with the structure of the molecule
because vibrational and rotational states of the molecule are detected. Again a photon is
absorbed but the energy of the photon is related to the gap between the ground (Sp) and a
virtual state. Instantaneously a photon is emitted.*** The emitted wavelength predominately
corresponds to a relaxation of the virtual state into the electronic and vibrational ground state
(So-w), called Rayleigh scattering. Additionally a weak emission to lower energy is detected
and corresponds to a relaxation into the Sp-14 state, called Stokes scattering. Also anti-Stokes
scattering can be seen which is related to an excitation from higher vibrational states into the
virtual state. The emitted photon is shifted to higher energy but the intensity is very low due
to the small population of the higher vibrational states. Because both the Stokes and anti-
Stokes scattering is very weak compared to most fluorescence events a signal enhancement

must be used to increase the sensitivity.
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The crucial impetus for the research in this field was given by the exploration of surface
enhanced effects on metal surfaces, for example surface-enhanced Raman scattering (SERS)

effect® *° and the surface enhanced fluorescence effect.®

3.1.4 Fluorescent Probes

The assembling of dyes onto a metal nanoparticle can enhance the emission by a factor of
10 up to a few hundred.®® This effect is caused by dipole-dipole coupling of the exited
fluorophore to metal plasmons.®* The surface enhanced fluorescence effect was used to

develop metal-enhanced fluorescent probes®? 43 145 146

which can be applied in a biological
detection assay.** **2 Mostly dyes, e.g. rhodamine or indocyanine green, attached to silver
nanoparticles or silver island films are used in this field of research.

On the other hand, gold nanoparticles are also excellent quenchers of fluorescence. This

quenching is due to nanosurface energy transfer (NSET)® 2%

and the quenching effect can
be reduced by distancing the fluorophores from the gold core. The distance dependence of
surface energy transfer behavior over distances more than 100 A, i.e. quenching efficiency, is
proportional to 1/d* whereas the Férster resonance energy transfer (distance < 100 A) is
proportional to 1/d°?***® Nie and co-workers used this quenching effect to detect specific
DNA strains. A gold core was attached with oligonucleotide molecules labeled with a thiol
group at one end and a fluorophore at the other. The oligonucleotide chemisorbs onto the gold
core via the thiol. Additionally the fluorophore binds nonspecifically to the gold surface. In
this loop structure the gold core quenches the emission of the fluorophore. Binding a target
molecule to the oligonucleotide breaks the loop structure, resulting in a measurable
fluorescence.”

Furthermore, Rotello and Bunz have investigated indicator displacement assays (IDAS).
These assays consist of a gold core coated with a positivly charged oligo(ethylene glycol) side
chain and a negativly charged dye. In this “supramolecular” arrangement, the fluorescence of
the dye is quenched by the gold core. A negativly charged analyte can displace the dye,
resulting in a fluorescence signal of the free dye.?”® The signal intensity depends on the level
of displacement determined by the relative nanoparticle-dye binding strength and the analyte-
nanoparticle interaction. The authors have shown that the IDA system is able to identify

bacteria and to detect different proteins 147 148 241.242
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3.1.5 Surface Enhanced Raman Spectroscopy (SERS) Probes

Even though fluorescent probes have shown their potential in applications for biological
detection assays, these probes are not suited for multiplexed detection of target molecules
(multiplexing). This is due to the line width of the fluorescence signal. In contrast, SERS
signals possess a small line width of vibrational Raman bands (Figure 38). This is a very

important benefit for applications in multiplexing experiments.
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Figure 38. The SERS spectrum of an alkyne derivative, adsorbed as a self-assembled monolayer on

the surface of Au nanospheres in ethanol.

As mentioned above Stokes-Raman bands are normally very weak. However the intensity
of these bands increases if the Raman-active molecule is in very close proximity to specific
metal surfaces (Figure 38). Under these conditions enhancement of the Raman signal by
factor 10° can be served.' The enhancement is due to the increased size of the
electromagnetic field at the metal surface (see Scheme 3). When the conduction electrons are
excited by an incident photon, the particle acts as an antenna which amplifies the scattered
light. The enhancement efficiency thereby decreases with the distance between the Raman-
active molecule and the metal surface, for example, a metal nanoparticle. Furthermore, only
vibrations with a molecular polarizability tensor oriented parallel to the surface normally

experience the largest enhancement.?*
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Due to the tunable surface plasmon absorption bands (SPB) of metal nanospheres and
nanoshells, these structures are most often used as SERS probes. Kneipp et al. demonstrated
that SERS approaches may be used for the characterization of changing cellular environments

and are useful for intracellular applications.?*

In this study, unfunctionalized gold
nanoparticles were injected into rat and mouse cells and SERS spectra were recorded.
Adenosine phosphate was thereby detected on the basis of the characteristic SERS spectra.
The disadvantage of this label-free method is that all molecules close to the gold surface are
detected. In order to detect and label specific biomolecules, nanoparticles were functionalized
with both a Raman-reporter molecule and a specific recognition molecule for biomolecules

(antibody). This approach was used by Hu et al.**®

to mark HelLa cells (cervical cancer cells).
In this work, nanoparticles were labeled with a benzonitrile derivative and a terminal
hydrazine unit. The intense C=N Raman vibration was used to detect the SERS probe and to
show that the hydrazine unit binds selectively to ketone-functionalized cell proteins.

A similar approach was reported by Jehn et al. who attached a SERS-marker to a
gold/silver nanoshell. The shell was then functionalized with prostate specific antigen (PSA)
(Scheme 19). The authors demonstrated selective imaging of PSA in prostate biopsies by

Raman microscopy.®

SERS-marker

H_I
Antibody

Scheme 19. Model of a biofunctionalized SERS-label. Left: Gold/Silver nanoshell. Middle: SERS-
marker. Right: monoclonal antibody for antigen recognition (e.g. PSA).

A disadvantage of SAM-only protected nanoparticles is that other molecules of the
solution can penetrate into the organic shell and replace the SERS-marker or the antibody.
Encapsulation of the SERS-label can completely eliminate this issue by avoiding the
adsorption and desorption of molecules attached to the surface. Several groups have
developed methods to protect the organic layer via a protective shell. Organic polymers or

silica can used for this purpose.*! Silica-encapsulated Raman-labeled nanoparticles have
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many useful features, for example physical robustness, optical robustness and an excellent

surface for biomolecule attachment.'*

An encapsulation can be achieved by the deposition of
SiO, precursors on the organic layer via the Stéber method.?*®?*! Hence, the organic layer has
to be functionalized with a coupling agent (alkoxy silane functionalized ligand) or prepared
with a polyelectrolyte layer.® 24722

Kistner et al. have used this concept to build up silica-encapsulated SAMs on tunable
gold/silver nanoshells.® The SERS spectrum of the samples revealed very intensive Raman
bands corresponding to the encapsulated Raman-reporters. Afterwards the silica shell was
functionalized with prostate specific antigen (PSA) and SERS microscopic experiments
demonstrated the specific binding of the samples in the epithelium of prostate.

The high-sensitivity and high-selectivity of SERS probes combined with the small line
width of the enhanced Raman bands can be used for multiplexing experiments. Due to the
broad emission band of fluorescent probes, the multiplexing capacity of these probes is
limited to approximately 1-3. In contrast, the SERS technique can detect 10-30 analytes

144 and Graham®™* demonstrated the use of SERS probes to detect

simultaneously. Mirkin
DNA strains in a multiplexing approach. Mirkin and co-workers functionalized gold particles
with Raman dye-labeled oligonucleotides to monitor the presence of specific target DNA
strands.'** These experiments have shown the potential of SERS-labels as the next-generation

labeling technology for biodiagnostic research.

This chapter deals with the synthesis and characterization of new Raman-reporter
molecules, denoted as SERS-marker (SEMAZ1-4). In cooperation with the group of Schliicker
(University of Osnabriick) the Raman-active molecules are adsorbed onto Ag/Au nanoshells
to generate SERS-labels (Scheme 20) which are characterized by SERS. The use of the
Ag/Au nanoshells was important, because the surface plasmon band (SPB) of these nanoshells
can be adjusted to the far-red region of the electromagnetic spectrum.® **2*® In this region the
absorbance of tissue is minimized and the SERS-label can be employed for immune-SERS

experiments.*3" 22
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Scheme 20. SERS-markers SEMA1-4 and a SERS-label.

In order to detect intense SERS signals the SERS-markers are designed to have Raman-

active vibrational bands oriented along the molecular axis. Additionally the SERS markers

possess a hydrophilic group to make the marker soluble in polar solvents and a thiol group for

attachment onto the surface of the Ag/Au nanoshell. A high coverage of the SERS-marker

onto the surface should thereby ensure that all markers are uniformly oriented to the surface.

Furthermore, the application of these hybrid structures for tissue imaging in prostate biopsies

is demonstrated.

3.2

Synthesis

The synthesis of the SERS-marker SEMAL is outlined in Scheme 21. The alkyne 25 is

accessible by a palladium catalyzed Hagihara-Sonogashira coupling of the aryl bromide 2

with the terminal alkyne 24. The t-butyl protected thiol 25 was converted into the acetyl
protected thiol SEMAL with boron tribromide and acetyl chloride in 63% yield.”** %’
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Scheme 21. Synthesis of SEMAL.

The stilbene 28 was synthesized via a Wittig-Horner reaction of the aldehyde 26°°° with the
phosphonate 27%® and vyielded 39% of the trans isomer (Scheme 22).°° 2 Compound

SEMAZ2 was obtained by the reaction of 28 with boron tribromide and acetyl chloride.
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Scheme 22. Synthesis of SEMA2.

SEMAZ3 was synthesized in three steps (Scheme 23). Compound 30 was generated from the
terminal alkyne 29 with silver nitrate and N-iodosuccinimide in 46% vyield.”®* A copper
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catalyzed Codiot-Chodkiewicz reaction was used to obtain the diacetylene 31 by reaction of
iodoacetylene 30 with the terminal alkyne 24.%* Reaction of 31 with boron tribromide and
acetyl chloride yielded the thioester SEMAS.

. AgNO;, NIS B
_é D - acetone, RT > _é C =
in the dark, 12 h

29 46%, 30

+ =)< @9
N

CuCl, NH,OH*HCI
pyrrolidine, methanol
0 °C 10 min = RT, 12h

Y
L O BBr;, AcCl o O
—62 == 8 ~ dom, -30 °C, 31 —é == {J

10%, SEMA3 10%, 31

Scheme 23. Synthesis of SEMA3.

The synthesis of the SERS-marker SEMA4 is outlined in Scheme 24. The acyl chloride 32
was transformed into the acyl amide 33 by a reaction with 2-(2-aminoethoxy)ethanol.
Compound 34 was synthesized by a palladium catalyzed Hagihara-Sonogashira reaction of
33 and trimethylsilylacetylene. The protecting trimethylsilyl group was removed with TBAF
to obtain compound 35.1%* A Hagihara-Sonogashira reaction of 35 with 36 yielded SEMA4
in 12% yield.

80



3 Raman Reporter Molecules for SERS Application

o 2-(2-aminoethoxy)ethanol o
thf, 0 °C = RT, 12 h
Br—< >—‘( - - ' Br—< >—(’ 0]
cl HN—" o

32 96%, 33

Pd(PPha)zC'g Cul
trimethylsilylacetylene
triethylamine
1,4-dioxane, 60 °C, 5d

TBAF

_ O thf, RT,1h 1 _ ™=/ 0
= N A = Q_ka—/_o‘—\
OH OH
39%, 35 83%, 34

+ _%@| (36)

Pd(PPhj3),Cl, Cul
di-iso-propylethylamine
1,4-dioxane, RT, 4 d

Y
s-O—=r4
— o HN- Oy
ol OH

12%, SEMA4

Scheme 24. Synthesis of SEMAA4.

The adsorption of the SERS-marker onto the surface of Au/Ag nanoshells and the
subsequent silica encapsulation were carried out by the group of Schliicker (University of
Osnabrick). The Au/Ag nanoshells were synthesized following a method published by Xia
and coworkers.”® A spherical silver nanoparticle is thereby used as a template to fabricate a
gold nanoshell. Silver particles were prepared by the reduction of silver nitrate in ethylene
glycol, used as solvent and as reducing agent, and polyvinylpyrrolidone, used as protecting
agent.?> 2% Due to the difference of the standard potential (AuCl, / Au > Ag* / Ag) the silver
core can be oxidized by HAuCI, according to the following redox reaction:

3 A + AUCls ey > AUy + 3 AG'(ag) + 4 Cliag).
The elemental gold atoms produced in this redox reaction merge to very small nanoparticles,
resulting in the growth of a gold shell around the silver particle. The morphology of the shell
is very similar to that of the silver template. Afterwards a self-assembled monolayer of the
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SERS-marker is adsorbed onto the nanoshells via the thiol unit to generate a SERS-label

(Scheme 25).
‘ G ’ SEMA =
'

Au/Ag nanoshell SERS-label
SEMA@AuU/Ag

.&Wx

Scheme 25. Synthesis of SERS-labels.

The hydrophilic ethylene glycol unit of SEMA4 was used to fabricate a silica-
encapsulated SERS-label. The encapsulation was achieved in two steps. First, the SAM was
coated with an ultrathin silica shell by adding sodium silicate (Na;SiO3).?*° In a second step,
the silica shell was enlarged by the hydrolysis and condensation of tetraethoxyorthosilicate

(TEOS).> 2*® Then, the silica-encapsulated nanoshell was treated with 3-amino-n-

propyltrimethoxysilane (APTMS) and succinic anhydride (SAH) in order to activate the silica
264

surface for chemical reactions (Scheme 26).

g =
SERS-label Silica-encapsulated
SEMA@AU/A SERS-label
@Au/Ag SAH
i C COOH
LOZSN\INKL

Scheme 26. Synthesis of the silica-encapsulated SERS label and the activation of the silica surface
with APTMS and SAH.

Finally EDC/s-NHS (ethyldimethyl-aminopropylcarbodiimide / N-hydroxysulfosuccinimide
sodium salt) chemistry was used to conjugate an anti-p63 antibody to the activated carboxy
surface (Scheme 27).2%° The SERS-labeled antibody was used for imaging experiments of the
tumor suppressor p63.
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1) EDC/s-NHS

."-._1...:9 )
' ) 2) Anti 5 :

SERS-labeled
antibody

Scheme 27. Synthesis of a SERS-labeled antibody.

3.3 SERS-Measurements

The synthesized SERS-labels consist of a Au/Ag nanoshell with a diameter of ~ 70 nm
and a self-assembled monolayer of one of the SERS-marker SEMA1-4. The nanoshell
possesses an intense surface plasmon band at at Amax ~ 620 nm which was employed for
excitation with the 632.8 nm-line from a HeNe laser. The SERS-spectra of the SERS-labels
were recorded and are shown in Figure 39. In all spectra an intense Raman band around

1580 cm™ is seen which can be assigned to a phenyl ring bending vibration.

by | | SEMA1@AWAg

[ SRR (R —— —————— ]

Raman intensity

1000 ' ' © 2500

Figure 39. The SERS spectra of the SERS-labels SEMA1@Au/Ag, SEMA2@AuU/Ag and

SEMA3@AU/Ag in dmf are displayed. For comparison the Raman spectrum of dmf is also shown.
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The spectra also reflect the structural difference of the SERS-marker. For example, the
C=C stretching vibration at 1628 cm™ is only seen in the spectra of SEMA2@Ag/Au. In
contrast, the C=C stretching vibration at 2213 cm™ and 2210 cm™ is only detected in the
spectra of SEMAL@Ag/Au and SEMA3@AQ/Au. The slight band shift of the C=C
stretching vibrations in SEMA3@AGQ/A is due to the dialkyne structure. The analysis revealed
two important aspects. First, the detection of the characteristic stretching vibrations
demonstrates that the SERS-markers are uniformly oriented parallel to the surface normal.
Second, the discrimination between the alkene- and alkyne-functionalized marker is sufficient
for multiplexing experiments whereas the shift of C=C stretching vibrations is too small for

such applications.

3.4 Immuno-SERS Microscopy

The combination of SERS-labeled antibodies and their localization by Raman
microscopy in cellular and tissue specimens is termed immuno-SERS microscopy.™* % In
this study, p63 was chosen as a target protein for diagnostic imaging studies. p63 is a tumor
suppressor and abundant in benign prostate.”® The SERS-labeled antibody consists of a
Au/Ag nanoshell with a diameter of ~ 70 nm which was functionalized with SEMA4 and
encapsulated with silica. In Figure 40 the TEM images of the encapsulated metal nanoshells
exhibit dark central spots (metal shell) which are surrounded by a brighter shell (silica shell).

Anti-p63 antibody was bound to the silica surface to generate the SERS-labeled antibody.

Figure 40. TEM images of silica-encapsulated Au/Ag nanoshells with a self-assembled monolayer of
SEMAA4. Scale bar 50 nm.

For immuno-SERS microscopy applications the SERS-labeled antibodies were incubated

in a 5 um tissue section from prostate biopsies. The intense phenyl ring bending vibration at
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1582 cm™ of SEMA4 Raman-marker was chosen for the detection of the SERS-labeled
antibody in a mapping experiment with a confocal Raman microscope (WITec, Alpha300R).
Figure 41 A displays the white light image of the incubated prostate tissue together with a
superimposed false color SERS image based on the integrated Raman intensity of the marker
band. High intensities in the SERS false color image correspond to high concentration of the
SERS-labeled antibody and consequently to high expression levels of the tumor suppressor
p63. Additionally five representative SERS spectra from different regions in the tissue,
marked with white crosses in Figure 41 B are shown. This analysis illustrates that the tumor
depressor p63 is only abundant in the basal epithelium (Figure 41 A, crosses 1-3) but not in

the secretory epithelium or stroma.
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Figure 41. (A) White light image of prostate tissue with overlaid SERS false color image based on the

intensity of the 1580 cm™ Raman-marker band (SEMAA4). (B) Five representative SERS spectra from

different locations in (A), indicated by white crosses (from left to right).
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3.5 Conclusion

In this chapter the synthesis and characterization of new SERS-markers for immuno-
SERS application is presented. Each SERS-marker was designed to have characteristic
Raman vibrations and a thiol group for chemisorptions to Au/Ag nanoshells. The adsorption
of the specifically designed SERS-marker to Au/Ag nanoshells yields SERS-labels. Each
SERS-label revealed a characteristic SERS spectrum with intense Raman bands. The
discrimination of the SERS-labels due to the different Raman-active units opens the
possibility for SERS-multiplexing experiments.

Furthermore, the intense characteristic Raman bands were used for the detection of the
tumor suppressor p63 in benign prostate tissue via immuno-SERS microscopy. The
hydrophobic SERS-label SEMA4@AU/Ag was thereby silica-encapsulated and the silica
shell afterwards functionalized with anti-p63 antigen. Immuno-SERS imaging of prostate
tissue incubated with SERS-labeled anti-p63 antibodies demonstrated the selective detection
of p63 in the basal epithelium. The results show the potential of the method for the detection
of several biomolecules in a multiplexing SERS experiment.
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4  Summary

In this work the synthesis and analysis of chromophore functionalized spherical gold
nanoparticles is presented. The optical, electrochemical and spectroelectrochemical properties
of these hybrid materials are furthermore studied. The work therefore is divided into two

parts.

The first part deals with triarylamine and PCTM-radical functionalized gold nanoparticles.
The focus thereby was on the synthesis and on the investigations of chromophore-
chromophore interactions and gold core-chromophore interactions. The chromopores,
especially triarylamines, were attached to the gold core via different bridging units and were
studied with optical and electrochemical methods.

Although the synthesis of chromophore functionalized gold nanoparticles was a great
challenge, syntheses for stable nanoparticles have been developed. The use of a syringe pump
was very useful to control the rate of reactant addition.

The purity and dimensions of the nanoparticles was determined by ‘H-NMR
spectroscopy, diffusion ordered NMR spectroscopy (DOSY), TGA, XPS and STEM.
Furthermore a cyclic voltammetry technique was used to determine the composition of the
particles via the Randles-Sevcik equation. An analysis of these parameters led to a model of a
sea urchin-shaped nanoparticle.

Optical measurements of the particles revealed an anisotropic absorption behavior of the
triarylamine units due to gold core-chromophore interaction. However this behavior depends
strongly on the relative orientation of the transition dipole moment of the chromophore to the
gold surface and the distance of the chromophore to the surface. Hence, the anisotropic
behavior was exclusively detected in the spectra of the Au-Taral particles. The short and
rigid z~conjugated bridging unit thereby facilitates this gold core-chromophore interaction.

It was shown from electrochemical investigations that the triarylamine units can be
chemically reversibly oxidized to the triarylamine monoradical cation. Furthermore, the
measurements revealed a strong interligand triarylamine-triarylamine interaction which was
only seen for the Au-Taral particles. The long z-conjugated bridging units of the Au-Tara2
and Au-Tara3 particles as well as the aliphatic bridging unit of Au-Tara4 prevent any

detectable interligand interactions. One may conclude that both the gold core-chromophore
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and the interligand triarylamine-triarylamine interaction depend on the length and the rigidity
of the bridging unit.

The electron transfer behavior of the triarylamine units adsorbed onto the gold core was
additionally studied via spectroelectrochemical (SEC) measurements which are able to reveal
weaker interactions. The investigations of Au-Taral and Au-Tara2 revealed a significant
strong coupling between neighboring triarylamine units which is due to through-space
intervalence interactions. This behavior was not detected for Au-Tara3 or for Au-Tara4. The
SEC analysis also revealed that these observed interligand interactions depend on the length
and the rigidity of the bridging unit. Thus, the systematic variation of the bridging unit gave a
basic insight in the optical and electrochemical properties of triarylamines, located in the
vicinity of a gold nanoparticle.

Further attempts were made to synthesize and radicalize perchlorinated triarylmethane
(PCTM) functionalized gold particles. The PCTM-radical gold particle was analyzed, but the
size could only be estimated to be smaller than 1 nm. Due to an incomplete radicalization of
the PCTM-ligand, the optical and electrochemical properties of the radical are only slightly
influenced by adsorption onto the gold core. Spectroelectrochemical measurements
demonstrated that the Au-Rad nanoparticle can be reversibly switched between the magnetic
on-state of the radical species and the magnetic off-state of the anionic species. The PCTM-
radical functionalized gold nanoparticle can thus be considered as a “freely diffusing

nanoswitch”.

The second part of this work aimed at the synthesis of new molecules, denoted as SERS-
markers, for immuno SERS applications. For this purpose, the SERS-markers were designed
to have a Raman-active unit and a thiol group for chemisorptions to Au/Ag nanoshells. The
Raman vibrations should thereby be polarized along the molecular axis, to obtain intense
SERS signals. In cooperation with the group of Schliicker (University of Osnabriick) the
SERS-markers were absorbed onto Au/Ag nanoshells, denoted as SERS-labels, and
characterized. The SERS spectra of the SERS-labels exhibited intense and characteristic
SERS-signals for each marker.

For immuno SERS investigations SEMA3 was functionalized with a hydrophilic end
unit. This marker was adsorbed onto an Au/Ag nanoshell and encapsulated with silica. An
anti-p63 antibody was bound to the silica surface in order to generate a SERS-labeled
antibody for the detection of the tumor suppressor p63 in benign prostate. Immuno-SERS
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imaging of prostate tissue incubated with SERS-labeled anti-p63 antibodies demonstrated the
selective detection of p63 in the basal epithelium. The results show the potential of the

method for the detection of several biomolecules in a multiplexing SERS experiment.
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5  Experimental Section

5.1 Analytical Methods

5.1.1 General Analytical Methods

All reagents were obtained from commercial suppliers and were used without further
purification. Diethylamine, 1,4-dioxane, tetrahydrofurane (thf) and pyrrolidine were purified
and dried by standard procedures and kept under inert gas atmosphere (nitrogen, dried with
Sicapent from MERCK, oxygen was removed by copper oxide catalyst R3-11 from BASF).
Thin-layer chromatography was carried out on Merck silica gel plates (60 F254). Merck silica
gel (32-63 pum) was used for flash chromatography. Column chromatography was carried out

using neutral alumina with activity V (63-200 pum).

5.1.2 NMR Spectroscopy

o Bruker AC 250 FT-Spectrometer (250 MHz)
o Bruker Avance 400 FT-Spectrometer (400 MHz)
o Bruker Avance DMX 600 FT-Spectrometer (600 MHz)

All NMR spectra were recorded at room temperature unless otherwise indicated. The signal of
the respective solvent was used as the internal reference and the chemical shifts are given in
ppm (o-scale) versus TMS. Multiplicities were denoted as s (singulet), d (doublet), t (triplet)
and m (multiplet). Coupling constants are given in Hz. NMR-Spectroscopy data are quoted as
follows: chemical shift (multiplicity, coupling constants, number of protons).

DOSY spectra were measured with the 600 MHz spectrometer and a cryprobe. Because
of small temperature gradients in the sample we used a douple-stimulated-echo to suppress
convection artefacts.®®” The DOSY-NMR data were fitted with a mono exponential

function®®’” with the assumption that all particles have the same size.
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5.1.3 Mass Spectroscopy

o Finnigan MAT 90

. Bruker Daltonik microTOF focus

Mass spectra were recorded at the Institute of Organic Chemistry, University of Wiirzburg.
For ESI-spectra 10 uM solutions of the sample in chloroform or dichloromethane were

prepared.

5.1.4 Osteryoung Square Wave Voltammetry and Cyclic Voltammetry

o Electrochemical workstation BAS CV-50 W including software version 2.0

Osteryoung square wave voltammograms and cyclic voltammograms were recorded on an
electrochemical workstation BAS CV-50 W including software version 2.0. The square wave
amplitude was 25 mV, the frequency was 15 Hz and the potential step height for base
staircase wave form was 4 mV. The electrochemical experiments were performed in dry,
argon-saturated dichloromethane with tetrabutylammonium hexafluorophosphate (TBAH) as
the supporting electrolyte using a conventional three-electrode set-up with a platinum disk
electrode (3 mm?, 0.64 mm?, active surface determined by CV experiments with ferrocene).
The potentials are referenced against ferrocene (Fc/Fc*). The electrochemical reversibility of
the redox process was checked by multi-cycle thin layer cyclic voltammetry and by plotting
the anodic current against the scan rate (Randles-Sevcik equation). In order to check the long-
term chemical reversibility we performed measurements under thin-layer conditions in which

the working electrode was placed onto a polished mobile glass hemisphere.?®®
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5.1.5 UVNiIs/INIR Spectroscopy

o JASCO V-570 UV/vis/NIR spectrometer

Dichloromethane was of spectroscopic grade and was used without any further purification.

Absorption spectra were recorded in 1 cm quartz cuvettes (Hellma).

5.1.6 Spectroelectrochemistry

o JASCO V-570 UV/Vis/NIR spectrometer
o EG & G potentiostat/galvanostat model 363

The solutions of the voltammetry experiments were transferred by a syringe into a
spectroelectrochemical optical transparent thin-layer cell (optical path length of 100 zm with
a gold minigrid working electrode) as described by Salbeck.?®® UV/vis/NIR spectra were
recorded while applying a constant potential (EG & G potentiostat/galvanostat model 363) to
the solution in the thin-layer arrangement referenced against a Pt electrode. The potential was
increased in 50 mV steps. Spectra were recorded until the first oxidative process was fully
covered. Back reduction was also performed in order to prove reversibility of the whole

process in all cases.

5.1.7 Polarised Steady-State Fluorescence Spectroscopy

o Photon Technology International QuantaMaster'™ Model QM-2000-4
including a cooled photomultiplier (type R928P) and a 75 W xenon short arc lamp
(type UXL-75XE, Ushio)

Fluorescence-anisotropy measurements were carried out in a sucrose octaacetate (SOA)
matrix at room temperature. Two Glan-Thompson polarisers from Photon Technology
International were used in an L-format setup. SOA was purchased from Acros Organics and

recrystalised twice from ethanol. Sample preparation was done according to a procedure
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reported in literature.’”® Compound Refl and SOA were dissolved in dichloromethane
(Merck, Uvasol). The solution was filtered through a 0.1 xm filter in order to remove any
traces of lint and dust and purged with dry and oxygen-free argon for 10 min.
Dichloromethane was partially removed in vacuo until a viscous oil resulted, which was filled
into a 1 cm fluorescence quartz cuvette. The cuvette was then kept in an oven at 100 °C for

about 1 h and at 130 °C for 5 h to remove the remaining dichloromethane.

5.1.8 Scanning Transmission Electron Microscopy (STEM)

o FEI Helios Nanolab equipped with an insertable multi-segment solid-state
detector (acceleration voltage of 30 kV and a beam current of 170 pA)
o FEI Titan 80-300 transmission electron microscope (acceleration voltage of

300kV, a beam convergence angle of 9.5 mrad and a current of 125 pA)

STEM measurements were carried out by Prof. M. Kamp at the Department of Physics,
University of Wirzburg. Samples for STEM analysis were prepared from a 20 ug/mL
solution of the nanoparticles in dichloromethane. A single drop was transferred on a carbon

coated copper grid. The solvent was evaporated at room temperature.

5.1.9 X-ray Photoelectron Spectroscopy (XPS)

o Scienta R4000 electron analyser using a monochromatic Al Ka light source*”*

XPS measurements were carried out by the group of Prof. F.Reinert at the Department of
Physics, University of Wurzburg. Molybdenum substrates have been coated with a solution of
Au-Taral in thf and were transferred into the UHV measuring chamber (p = 10™° mbar).
Since the samples are mainly dominated by carbon and oxygen from both the residua of the
solvent and the organic shell of the Au nanoparticles the samples were slightly sputtered by
Ar*-ion bombardment. This process permitted a reduction of the amount of light elements like
carbon and oxygen without destroying the metal core of the nanoparticle. Figure S5 shows the

photoemission results of Au-TaralS and Au-TaralL, respectively.
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5.1.10 Thermogravimetric Analysis (TGA)

o TGA measurements were performed with a Perkin Elmer STA 6000 on
accurately weighed, carefully dried nanoparticle samples at 10 °C/min. Nitrogen was

used as purge gas.

TGA measurements were performed at the Institute of Organic Chemistry, University of

Wirzburg.

5.1.11 Recycling-GPC

o Gel permeation chromatography (GPC) measurements were carried out on an
instrument from Shimadzu (diode array detector SPD-M20A, system controller CBM-
20A, solvent delivery unit LC-20AD, on-line degasser DGU 20A).

The chromatography was carried out at 20 °C on two Phenogel®-columns (600 x 20.8 mm,
pore size 100 A) from Phenomenex and on an analytic SDV (styrene-divinylbenzene

copolymer network) column “linear S” from PSS.

5.1.12 IR-Spectroscopy

Infrared spectra were recorded using a JASCO 410 FT-IR spectrophotometer fitted with an
attenuated total reflectance (ATR) attachment. Positions of the absorption bands are given in
reciprocal centimetres (cm™), signal intensities are described by w (weak), m (medium) and s

(strong).
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5.2 Synthesis

GP1: Hagihara-Sonogashira Coupling with Pd(PhCN),Cl,, P(t-Bu); and Cul in
diethylamine

Under a nitrogen atmosphere the alkyne, the aryl bromide, Pd(PhCN).Cl, (0.05 equiv.*),
Cul (0.025 equiv.*) and P(t-Bu); (0.01 equiv.*, 1.0 M solution in toluene) were dissolved in
diethylamine and degassed. The reaction mixture was stirred in the dark. The solvent was
removed in vacuo. The residue was dissolved in dichloromethane and was washed with water.
The organic phase was dried with MgSO, and the solvent removed in vacuo. The crude
product was purified by chromatography.

*The data are referenced to the reactant with the lowest quantity.

GP2: Hagihara-Sonogashira Coupling with Pd(PPhs),Cl; and Cul in diethylamine

Under a nitrogen atmosphere the alkyne, the aryl bromide, Pd(PPh3),Cl, (0.05 equiv.*)
and Cul (0.025 equiv.*) were dissolved in diethylamine and degassed. The reaction mixture
was stirred at 65 °C in the dark. The solvent was removed in vacuo. The residue was
dissolved in dichloromethane and was washed with water. The organic phase was dried with
MgSO, and the solvent removed in vacuo. The crude product was purified by
chromatography.

*The data are referenced to the reactant with the lowest quantity.

GP3: Hagihara-Sonogashira Coupling with Pd(PhCN).Cl,, P(t-Bu);, Cul and di-iso-
propylamine in 1,4-dioxane

Under a nitrogen atmosphere the alkyne, the aryl halide, Pd(PhCN),Cl, (0.05 equiv.*),
Cul (0.025 equiv.*), di-iso-propylamine (1.5 equiv.*) and P(t-Bu)s; (0.01 equiv.*, 1.0 M
solution in toluene) were dissolved in 1,4-dioxane and degassed. The mixture was stirred at
room temperature in the dark. The solvent was removed in vacuo. The residue was dissolved
in dichloromethane and was washed with water. The organic phase was dried with MgSO,
and the solvent removed in vacuo. The crude product was purified by chromatography.

*The data are referenced to the reactant with the lowest quantity.
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GP4: Hagihara-Sonogashira Coupling with Pd(PPh3),Cl, and Cul in 1,4-dioxane

To the alkyne, the aryl bromide, Pd(PPhs),Cl; (0.05 equiv.*), Cul (0.025 equiv.*) and a
base under nitrogen atmosphere was added 1,4-dioxane and degassed. The reaction mixture
was stirred in the dark. The solvent was removed in vacuo. The residue was dissolved in
dichloromethane and was washed with water. The organic phase was dried with MgSO, and
the solvent removed in vacuo. The crude product was purified by chromatography.

*The data are referenced to the reactant with the lowest quantity.

GP5: Synthesis of the Nanoparticle Precursors

Under a nitrogen atmosphere tetrachloroauric acid trihydrate and 4-bromobenzenethiol
were dissolved together in dry thf and added simultaneously with a LiBH;-solution (thf) into a
Schlenck tube with stirred dry thf via a syringe pump (2.5 mL / min). The black solution was
stirred for 1 min before water (1 mL) was added. The mixture was concentrated to 4 mL,
dichloromethane (15 mL) was added and filtered through a glass frit (pore 3). The residue was
extracted with dichloromethane (20 mL) and the organic phase was washed with water (3 x 20
mL). The organic phase was concentrated to 4 mL and added to n-hexane (30 mL). This

mixture was centrifuged and the black residue was washed with n-hexane.

GP6: Transformation of the t-butylthiol group into the acetyl thiol group

Under nitrogen atmosphere a solution of the t-butylthiol functionalized molecule in dry
dichloromethane was cooled to -20 °C. After the addition of BBr; (1 equiv.) and acetyl
chloride (19 equiv.) the solution was stirred for 3 h at -20 °C and then allowed to warm to
room temperature. The solvent was removed in vacuo and the residue was redissolved in
dichloromethane (15 mL). The organic phase was washed with water (3 x 20 mL) and then

dried with MgSO,. The solvent was removed in vacuo.
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Synthesis of 4-((4-t-butylthiophenyl)ethynyl)-N,N-bis(4-methoxyphenyl)benzene-amine
Refl

MeO

N~ HY=— )-s
MeO

Compound Refl was synthesised from the alkynes 1 (400 mg, 1.21 mmol) and the aryl
bromide 2 (426 mg, 1.74 mmol) in diethylamine (14 mL) at room temperature according to
general procedure GP1 (reaction time 12 h). Flash chromatography on silica gel with
petroleum ether / dichloromethane (3:1 - 2:1) as eluent yielded 140 mg (284 umol, 23%) of
an orange solid. *H-NMR (400 MHz, acetone-dg, 295 K): &/ppm = 7.55 (AA', 2H), 7.50 (BB,
2H), 7.35 (AA', 2H), 7.13 (AA', 4H), 6.96 (BB', 4H), 6.80 (BB', 2H), 3.82 (s, 6H), 1.30 (s,
9H). {"H}"*C-NMR (100 MHz, acetone-ds, 295 K): dppm = 157.1 (quart.), 149.6 (quart.),
140.4 (quart.), 137.6 (tert.), 133.1 (quart.), 132.7 (tert.), 131.5 (tert.), 127.7 (tert.), 124.6
(quart.), 119.0 (tert.), 115.2 (tert.), 113.6 (quart.), 92.0 (quart.), 87.8 (quart.), 55.8 (prim.),
46.7 (quart.), 31.1 (prim.). MS (ESI pos, high resolution): calc. for C3H3:NO,S: m/z =
493.20700, exp.: m/z =493.20732 (4 = 0.65 ppm).

Synthesis of 4-bromothiophenol protected gold nanoparticle Au-PrelS

Br@

Following GP5: Tetrachloroauric acid trihydrate (140 mg, 355 wmol) and 4-
bromobenzenethiol (Aldrich) (134 mg, 711 umol) were solved in dry thf (14 mL). This
solution and LiBH; (14 mL, 1.40 mmol, 0.1 M in thf) were both added to thf (8 mL). The
yield was 60 mg of a black solid.
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Synthesis of 4-bromothiophenol protected gold nanoparticle Au-PrellL

Wets

S

Tetrachloroauric acid trihydrate (144 mg, 366 xmol) and 4-bromobenzenethiol (Aldrich)
(138 mg, 731 umol) were dissolved in dry thf (14 mL) and added simultaneously with a
LiBH4-solution (14 mL, 1.40 mmol, 0.1 M in thf) to stirred dry thf (8 mL) via a syringe pump
(2.5 mL/min). The black solution was stirred for 1 min before water (1 mL) was added. The
mixture was concentrated to 4 mL, dichloromethane (20 mL) was added and filtered through a
glass frit (pore 3). The residue was extracted with dichloromethane (20 mL) and thf (20 mL)
and the organic phase was washed with water (3 x 20 mL). The organic phase was
concentrated to 4 mL and added to n-hexane (30 mL). This mixture was centrifuged and the
black residue was washed with n-hexane. The yield was 59 mg of a black solid.

Synthesis of the gold nanoparticle Au-TaralS

MeO

MeO

Under a nitrogen atmosphere alkyne 1 (100 mg, 304 pmol), P(t-Bu); (30 pL, 1.0 M in
toluene, 30 pmol) and di-iso-propylamine (51 pL, 364 pumol) were added to a solution of
nanoparticle Au-PrelS (60 mg) in dry thf (6 mL). The mixture was degassed and
Pd(PhCN),Cl, (9.3 mg, 24 pmol) and Cul (2.9 mg, 15 umol) were added. The mixture was
stirred for 12 h at room temperature. The solvent was removed in vacuo, and the residue was
dissolved in dichloromethane and filtered (glass frit; pore 3). The solution was washed with a

saturated aqueous solution of NaCl and water. The organic phase was concentrated to 4 mL
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and n-hexane (30 mL) was added. This mixture was centrifuged. The black residue was
dissolved in dichloromethane (4 mL) and dropped into n-hexane (30 mL) and again
centrifuged. This purification step was repeated at least seven times. The yield was 30 mg of a
black solid. *H-NMR (400 MHz, dichloromethane-d,, 295 K): &/ppm = 8.50-5.50 (16H),
4.20-3.10 (6H). STEM: radius 1.12 (+ 0.24) nm.
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Synthesis of the gold nanoparticle Au-TarallL

MeO

MeO

Under a nitrogen atmosphere alkyne 1 (39 mg, 118 pmol), P(t-Bu); (12 uL, 1.0 M in
toluene, 12 pmol) and di-iso-propylamine (20 pL, 142 pmol) were added to a solution of
nanoparticle Au-PreL (59 mg) in dry thf (6 mL). The mixture was degassed and
Pd(PhCN),Cl, (3.6 mg, 9.5 umol) and Cul (1.1 mg, 5.9 umol) were added. The mixture was
stirred for 3 d at room temperature. The solvent was removed in vacuo, and the residue was
dissolved in dichloromethane and filtered (glass frit; pore 3). The solution was washed with a
saturated aqueous solution of NaCl and water. The organic phase was concentrated to 4 mL
and n-hexane (30 mL) was added. This mixture was centrifuged. The black residue was
dissolved in dichloromethane (4 mL) and dropped into n-hexane (30 mL) and again
centrifuged. This purification step was repeated at least seven times. The yield was 35 mg of a
black solid. *H-NMR (400 MHz, dichloromethane-d,, 295 K): &/ppm = 8.50-5.50 (16H),
4.20-3.10 (4H). STEM: radius 1.36 (x 0.28) nm.

Synthesis of 4-((4-ethynylphenyl)ethynyl)-N,N-bis(4-methoxyphenyl)aniline 3

MeO

MeO

Compound 6 (410 mg, 817 pmol) was dissolved in thf (10 mL) and a solution of tetra-n-
butylammonium fluoride (TBAF) (1.1 mL, 1.10 mmol, 1.0 M in thf) was added. After stirring

for 1 h at room temperature the solvent was removed in vacuo. The residue was dissolved in
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dichloromethane. The organic phase was washed with water and dried with MgSO,. The
solvent was removed in vacuo to afford 351 mg (817 umol, 100%) of a black solid. *H-NMR
(400 MHz, chloroform-d;, 295 K): dlppm = 7.43 (-, 4H), 7.29 (AA', 2H), 7.07 (AA', 4H),
6.86-6.83 (-, 6H), 3.80 (s, 6H), 3.15 (s, 1H). {*H}**C-NMR (100 MHz, chloroform-d;, 295
K): dppm = 157.1 (quart.), 149.6 (quart.), 140.3 (quart.), 132.8 (tert.), 132.4 (tert.), 131.5
(tert.), 127.8 (tert.), 124.8 (quart.), 121.6 (quart.), 118.9 (tert.), 115.2 (tert.), 113.4 (quart.),
92.7 (quart.), 87.8 (quart.), 83.6 (quart.), 78.9 (tert.), 55.8 (prim.).* MS (EIl pos, high
resolution): calc. for CaH23NO,™: m/z = 429.17233, exp: m/z = 429.17208 (4 = 0.58 ppm).
*The multiplicity were determined by varying the optimized H-C coupling constant (J = 50
Hz, 145 Hz, 250 Hz) in the DEPT135 experiment.

Synthesis of 4-((4-((4-(t-butylthio)phenyl)ethynyl)phenyl)ethynyl)-N,N-bis(4-methoxy-
phenyl)aniline Ref2

MeO
o~ A
N/_\—\\//—\/S

MeO

Compound Ref2 was synthesized from 3 (252 mg, 587 umol) and 2 (158 mg, 645 umol)
in diethylamine (8 mL) at 75 °C according to general procedure GP1 (reaction time 12 h).
Flash chromatography on silica gel with petroleum ether / dichloromethane (3:1 - 2:1) as
eluent yielded 190 mg (320 zmol, 55%) of a yellow solid. *H-NMR (400 MHz, chloroform-
dy, 295 K): olppm = 7.53-7.46 (-, 8H), 7.31 (AA', 2H), 7.08 (AA', 4H), 6.86-6.83 (-, 6H), 3.81
(s, 6H), 1.30 (s, 9H). {*H}**C-NMR (150 MHz, dichloromethane-d,, 295 K): &/ppm = 157.0
(quart.), 149.5 (quart.), 140.2 (quart.), 137.6 (tert.), 134.0 (quart.), 132.7 (tert.), 131.9 (tert.),
131.7 (tert.), 131.5 (tert.), 127.7 (tert.), 124.3 (quart.), 123.7 (quart.), 122.5 (quart.), 118.8
(tert.), 115.1 (tert.), 113.3 (quart.), 92.6 (quart.), 90.8 (quart.), 90.7 (quart.), 87.9 (quart.), 55.8
(prim.), 46.7 (quart.), 31.1 (prim.). MS (EI pos, high resolution): calc. for C4H3sNO2S™: m/z
=593.23830, exp: m/z =593.23826 (A= 0.07 ppm).
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Synthesis of 4-bromothiophenol protected gold nanoparticle Au-Pre2

Br@

Following GP5: Tetrachloroauric acid trihydrate (138 mg, 350 wmol) and 4-
bromobenzenethiol (Alfa Aesar) (199 mg, 1.05 mmol) were solved in dry thf (14 mL). This
solution and LiBH; (14 mL, 1.40 mmol, 0.1 M in thf) were both added to thf (8 mL). The
yield was 50 mg of a black solid.

Synthesis of Au-Tara2

MeO

e}
[
)
|
©

MeO

Under a nitrogen atmosphere a solution of Au-Pre2 (50 mg), alkyne 2 (32.7 mg, 76.2
pumol), P(t-Bu)z (190 pL, 192 umol, 1.0 M in toluene), di-iso-propylamine (44 pL, 317 umol),
Pd(PhCN),Cl, (20 mg, 51 umol) and Cul (6.0 mg, 32 umol) in dry thf (6 mL) were degassed
and stirred for 12 h at room temperature. The solvent was removed in vacuo, and the residue
was dissolved in dichloromethane and filtered (glass frit; pore 3). The filtrate was washed
with a saturated aqueous solution of NaCl (2 x 30 mL) and water (30 mL). The organic phase
was concentrated to 4 mL and n-hexane (30 mL) was added. This mixture was centrifuged.
The black residue was further purified in three steps. First, the nanoparticle was dissolved in
dichloromethane (4 mL), dropped into n-hexane (30 mL) and again centrifuged (repeated at
least seven times). This step was followed by an extraction of the impurities with cyclohexane
in a Soxhlet extractor. The residue was dissolved in little dichloromethane and precipitated by

adding the concentrated solution into n-hexane to obtain 28 mg of a black solid. *H-NMR
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(400 MHz, dichloromethane-d,, 298 K): o/ppm = 8.50-6.00 (20H), 3.90-3.40 (6H). STEM:
radius 0.93 (x0.17) nm.

Synthesis of 4-((4-((4-bromophenyl)ethynyl)phenyl)ethynyl)-N,N-bis(4-methoxyphenyl)-

aniline 7

MeO

/=
N /_\ =\ /= <\:/>—Br
MeO

According to general procedure GP2, compound 7 was synthesized from 3 (590 mg, 1.37
mmol) and 1-bromo-4-iodobenzene (700 mg, 2.47 mmol) in diethylamine (15 mL) at 65 °C
(reaction time 5 d). Flash chromatography on silica gel (petroleum ether / dichloromethane
3:2) yielded 440 mg (753 zmol, 55%) of an orange solid. *H-NMR (400 MHz, chloroform-dj,
295 K): d/ppm = 7.49-7.46 (-, 6H), 7.38 (BB, 2H), 7.31 (AA', 2H), 7.08 (AA', 4H), 6.87-6.83
(-, 6H), 3.81 (s, 6H). {"H}*C-NMR (150 MHz, chloroform-d, 295 K): &/ppm = 156.6
(quart.), 149.2 (quart.), 140.3 (quart.), 133.2 (tert.), 132.6 (tert.), 131.8 (tert.), 131.6 (tert.),
131.5 (tert.), 127.3 (tert.), 124.2 (quart.), 122.8 (quart.), 122.3 (quart.), 122.2 (quart.), 119.2
(tert.), 115.0 (tert.), 113.6 (quart.), 92.5 (quart.), 90.6 (quart.), 90.0 (quart.), 88.0 (quart.), 55.6
(prim.). MS (EI pos, high resolution): calc. for CssH2sBrNO,™: m/z = 583.11414, exp: m/z =
583.11468 (4 = 0.93 ppm).
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Synthesis  of  bis(4-methoxyphenyl)-N,N-(4-((4-((4-((trimethylsilyl)ethynyl)phenyl)-
ethynyl)phenyl)ethynyl)-phenyl)aniline 8

MeO

/
NSi—
\

MeO

Following GP3, compound 7 (440 mg, 753 uxmol) and trimethylsilylacetylene (170 L,
1.21 mmol) were converted into 8 in 1,4-dioxane (10 mL) at room temperature (reaction time
9 d). Flash chromatography on silica gel (petroleum ether / dichloromethane 3:2) yielded 402
mg (668 umol, 89%) of an orange solid. *H-NMR (400 MHz, chloroform-d, 295 K): &/ppm =
7.475-7.458 (-, 4H), 7.456-7.438 (-, 4H), 7.31 (AA', 2H), 7.08 (AA', 4H), 6.87-6.83 (-, 6H),
3.81 (s, 6H), 0.26 (s, 9H). {*"H}**C-NMR (100 MHz, chloroform-dy, 295 K): &/ppm = 156.5
(quart.), 149.2 (quart.), 140.3 (quart.), 132.6 (tert.), 132.1 (tert.), 131.6 (tert.), 131.5 (tert.),
131.45 (tert.), 127.3 (tert.), 124.2 (quart.), 123.3 (quart.), 123.2 (quart.), 122.3 (quart.), 119.2
(tert.), 115.0 (tert.), 113.7 (quart.), 104.8 (quart.), 96.5 (quart.), 92.5 (quart.), 91.4 (quart.),
90.8 (quart.), 88.0 (quart.), 55.6 (prim.), 0.06 (prim.). MS (EI pos, high resolution): calc. for
C41H3sNO,Si™: m/z = 601.24316, exp: m/z = 601.24339 (A = 0.38 ppm).
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Synthesis of 4-((4-((4-ethynylphenyl)ethynyl)phenyl)ethynyl)-N,N-bis(4-methoxyphenyl)-

aniline 4

MeO

Compound 8 (402 mg, 668 umol) was dissolved in thf (10 mL) and a solution of TBAF
(800 wL, 800 pmol, 1.0 M in thf) was added. After stirring for 1 h at room temperature the
solvent was removed in vacuo. The residue was dissolved in dichloromethane. The organic
phase was washed with water (3 x 15 mL) and dried with MgSO,. The solvent was removed
in vacuo to obtain 353 mg (667 pmol, 100%) of a black solid. *H-NMR (400 MHz,
chloroform-d;, 295 K): d/ppm = 7.49-7.45 (-, 8H), 7.31 (AA', 2H), 7.08 (AA', 4H), 6.87-6.83
(-, 6H), 3.81 (s, 6H), 3.18 (s, 1H). {*H}**C-NMR (150 MHz, chloroform-d;, 295 K): &/ppm =
156.5 (quart.), 149.2 (quart.), 140.3 (quart.), 132.6 (tert.), 132.2 (tert.), 131.7 (tert.), 131.6
(tert.), 131.5 (tert.), 127.3 (tert.), 124.2 (quart.), 123.8 (quart.), 122.2 (quart.), 122.1 (quart.),
119.2 (tert.), 115.0 (tert.), 113.6 (quart.), 92.5 (quart.), 91.4 (quart.), 90.6 (quart.), 88.0
(quart.), 83.4 (quart.), 79.1 (tert.), 55.6 (prim.).* MS (ESI pos, high resolution): calc. for
CagH27NO,™: m/z = 529.20363, exp.: m/z = 529.20361 (4 = 0.04 ppm).

*The multiplicity were determined by varying the optimized H-C coupling constant (J = 50
Hz, 145 Hz, 250 Hz) in the DEPT experiment.
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Synthesis of 4-((4-((4-((4-(t-butylthio)phenyl)ethynyl)phenyl)ethynyl)phenyl)ethynyl)-
N,N-bis(4-methoxyphenyl)aniline Ref3

QNQL
5

Following GP3, compound 4 (60.0 mg, 113 pumol) and compound 2 (44.4 mg, 181 umol)
were transformed into Ref3 in 1,4-dioxane (5 mL) at room temperature (reaction time 9 d).
Flash chromatography on silica gel (petroleum ether / dichloromethane 3:1) yielded 20.0 mg
(28.8 umol, 25%) of a yellow solid. *H-NMR (600 MHz, acetone-ds, 295 K): &/ppm = 7.58-
7.57 (-, 4H), 7.56-7.53 (-, 6H), 7.51 (BB', 2H), 7.31 (AA', 2H), 7.09 (AA', 4H), 6.91 (BB',
4H), 6.79 (BB', 2H), 3.77 (s, 6H), 1.26 (s, 9H). {*"H}**C-NMR (150 MHz, acetone-ds, 295 K):
olppm = 157.9 (quart.), 150.4 (quart.), 140.6 (quart.), 138.2 (tert.), 134.8 (quart.), 133.3 (tert.),
132.58 (tert.), 132.55 (tert.), 132.52 (tert.), 132.4 (tert.), 132.2 (tert.), 128.5 (tert.), 125.1
(quart.), 124.1 (quart.), 124.0 (quart.), 123.9 (quart.), 122.9 (quart.), 118.9 (tert.), 115.8 (tert.),
113.6 (quart.), 93.3 (quart.), 91.8 (quart.), 91.5 (quart.), 91.3 (quart.), 91.1 (quart.), 88.3
(quart.), 55.7 (prim.), 46.8 (quart.), 31.2 (prim.). MS (ESI pos, high resolution): calc. for
CagH3oNO,S™: m/z = 693.26960, exp.: m/z = 693.26999 (A = 0.56 ppm).

Synthesis of 4-bromothiophenol protected gold nanoparticle Au-Pre3

ot

S

Following GP5: Tetrachloroauric acid trihydrate (159 mg, 404 umol) and 4-
bromobenzenethiol (Alfa Aesar) (299 mg, 1.21 mmol) were solved in dry thf (16 mL). This
solution and LiBH, (16 mL, 1.61 mmol, 0.1 M in thf) were both added to thf (8 mL). The

yield was 107 mg of a black solid.
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Synthesis of Au-Tara3

MeO
— = =
’*‘/_\—\\//—\\//—\/S
MeO

Under a nitrogen atmosphere a solution of Au-Pre3 (107 mg), alkyne 3 (168 mg, 317
pumol), P(t-Bu)s (63 pL, 63.0 umol, 1.0 M in toluene), di-iso-propylamine (67 uL, 476 pumol),
Pd(PhCN),Cl; (12 mg, 32 umol) and Cul (3.0 mg, 16 pumol) in dry thf (7 mL) were degassed
and stirred for 12 h at room temperature. The working-up procedure was the same as reported
for Au-Tara2 and 24 mg of a black solid were obtained. 'H-NMR (400 MHz,
dichloromethane-d,, 298 K): o/ppm = 8.50-6.10 (20H), 3.85-3.55 (6H)*. STEM: radius 1.04
(x0.20) nm.

*Proton signal next to the gold nanoparticles are missing due to spin relaxation phenomena,

see ref. 64.

Synthesis of 4-(N,N-di-p-anisylamino)phenol 10 (CAS 221171-37-5)

MeO

Q

Oyon

MeO

Under a nitrogen atmosphere triarylamine 9 (1.03 g, 2.68 mmol) was dissolved in dry thf
(14 mL) and was cooled to -78 °C. After the dropwise addition of n-butyllithium (1.34 mL,
3.22 mmol, 2.4 M in toluene) the mixture was stirred for 10 min. Then dry nitrobenzene (0.61
mL, 5.90 mmol) was added. The mixture was allowed to warm up to room temperature and

was stirred for 4 h. Water (2 mL) was added and the organic solvent was removed in vacuo.
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The residue was dissolved in dichloromethane (20 mL) and was washed with water (3 x 30
mL). The organic phase was dried with MgSQO, and the solvent was removed in vacuo. The
crude product was purified by flash chromatography on silica gel (petroleum ether /
dichloromethane 2:1 - 1:1 - petroleum ether / ethyl acetate 4:1) to obtain 550 mg (1.71
mmol, 64%) of a brown solid. *H-NMR (400 MHz, acetone-ds, 295 K): d/ppm = 8.07 (s, 1H),
6.90 (AA', 4H), 6.86 (AA', 2H), 6.82 (BB', 4H), 6.76 (BB', 2H), 3.75 (s, 6H).

Synthesis of 4-((5-bromopentyl)oxy)-N,N-bis(4-methoxyphenyl)aniline 11

MeO

Qo

MeO

Under a nitrogen atmosphere the triarylamine 10 (200 mg, 622 pmol) was dissolved in
dry thf (10 mL) and KOt-Bu (83.8 mg, 747umol) was added. The suspension was stirred for
15 min and 1,5-dibromopentane (430 pl, 3.14 mmol) was added slowly. The mixture was
heated for 3 h to reflux. Water (5 mL) and dichloromethane (20 mL) were added. The organic
phase was washed with water (3 x 30 mL) and dried with MgSO,. The solvent was removed
in vacuo. and the crude product was purified by flash chromatography on silica gel (petroleum
ether / dichloromethane 1:1) to obtain 206 mg (438 umol, 70%) of a colorless oil. *H-NMR
(400 MHz, acetone-ds, 295 K): &/ppm = 6.94-6.88 (-, 6H), 6.87-6.82 (-, 6H), 3.98 (t, *Juy =
6.3 Hz, 2H), 3.76 (s, 6H), 3.54 (t, *Jun = 6.78 Hz, 2H), 1.99-1.90 (m, 2H), 1.85-1.76 (m, 2H),
1.68-1.59 (m, 2H). {"H}**C-NMR (100 MHz, acetone-ds, 295 K): &/ppm = 156.3 (quart.),
155.7 (quart.), 143.05 (quart.), 143.02 (quart.), 125.78 (tert.), 125.74 (tert.), 116.2 (tert.),
115.6 (tert.), 68.8 (sec.), 55.9 (prim.), 34.8 (sec.), 33.5 (sec.), 29.4 (sec.), 25.7 (sec.). MS (ESI
pos, high resolution): m/z calc. for CasHogBrNOs™: m/z = 469.12471, exp.: m/z = 469.12472
(A = 0.02 ppm).
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Synthesis of 5-(4-(bis(4-methoxyphenyl)amino)phenoxy)pentane-1-thiol 5

MeO

O
/" \_gn
MeO

Under a nitrogen atmosphere compound 11 (285 mg, 606 pmol) was dissolved in dry thf
(12 mL) and cooled to -15 °C. A solution of hexamethyldisilathiane (130 mg, 727umol) and
TBAF (220 mg, 698 pmol) in dry thf (3 mL) was slowly added and the mixture was stirred
for 12 h at room temperature. The solvent was removed in vacuo and the residue was
dissolved in dichloromethane (20 mL). The organic phase was washed with water (3 x 20 mL)
and dried with MgSQ,. The solvent was removed in vacuo and the crude product was purified
by flash chromatography on silica gel (petroleum ether / ethyl acetate 8:1) to obtain 110 mg
(260 pumol, 43%) of a colorless oil. *H-NMR (400 MHz, acetone-ds, 295 K): &/ppm = 6.95-
6.88 (-, 6H), 6.86-6.79 (-, 6H), 3.95 (t, *Jun = 6.32 Hz, 2H), 3.75 (s, 6H), 3.64 (t, *Jun = 6.65
Hz, 1H), 2.59-2.50 (m, 2H), 1.81-1.63 (-, 4H), 1.62-1.52 (m, 2H). {*H}**C-NMR (100 MHz,
acetone-ds, 295 K): o/ppm = 156.1 (quart.), 155.6 (quart.), 142.9 (quart.), 142.8 (quart.), 125.6
(2 x tert.), 116.0 (tert.), 115.4 (tert.), 68.6 (sec.), 55.7 (prim.), 34.6 (sec.), 29.6 (sec.), 25.6
(sec.), 24.8 (sec.). MS (ESI pos, high resolution): calc. for C,sHzgNO3S™: m/z = 423.18672,
exp.: m/z =423.18627 (A4 =1.06 ppm).
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Synthesis of 4-((5-(t-butylthio)pentyl)oxy)-N,N-bis(4-methoxyphenyl)aniline Ref4

MeO

Q@oﬂy

MeO

Under a nitrogen atmosphere t-butylthiol (24 pL, 213 pmol) and NaH (9.6 mg, 400
umol) were dissolved in dry thf (7 mL) and the suspension was stirred for 15 min at room
temperature. A solution of triarylamine 11 (100 mg, 213 gmol) in thf (3 mL) was added and
the mixture was stirred for 3 h at room temperature. After the organic solvent was removed in
vacuo, the residue was dissolved in dichloromethane (20 mL) and washed with water (2 x 20
mL). The organic phase was dried with MgSO, and the crude product was purified by flash
chromatography on silica gel (petroleum ether / dichloromethane 1:1) to obtain 102 mg (177
umol, 83%) of a colorless oil. *H-NMR (400 MHz, acetone-dg, 295 K): &/ppm = 6.95-6.88 (-,
6H), 6.87-6.81 (-, 6H), 3.96 (t, *Jun = 5.6 Hz, 2H), 3.76 (s, 6H), 2.58 (t, *Jyy = 7.1 Hz, 2H),
1.84-1.73 (m, 2H), 1.68-1.53 (-, 4H), 1.30 (s, 9H). {'"H}C-NMR (100 MHz,
dichloromethane-d,, 295 K): d/ppm = 156.2 (quart.), 155.6 (quart.), 142.9 (quart.), 142.8
(quart.), 125.6 (2 x tert.), 116.1 (tert.), 115.4 (tert.), 68.7 (sec.), 55.7 (prim.), 42.0 (quart.),
31.3 (prim.), 30.5 (sec.), 29.8 (sec.), 28.7 (sec.), 26.5 (sec.). MS (ESI pos, high resolution):
calc. for CooH37NOsS™: m/z = 479.24887, exp.: m/z = 479.24885 (A = 0.04 ppm).
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Synthesis of Au-Tara4

MeQO

5

Under a nitrogen atmosphere tetrachloroauric acid trihydrate (71 mg, 366 xmol) and
compound 1 (138 mg, 731 umol) were dissolved in dry thf (14.4 mL). A solution of LiBH,4
(14.6 mL, 0.1 M in thf, 1.46 mmol) was added (within 3.5 min) and the black solution was
stirred for 4 min. The solution was concentrated to 2 mL with a rotary evaporator (the
temperature of the water bath should not exceed 35 °C). Dichloromethane was added and the
suspension was filtered through a glass frit (pore 3). The residue was extracted with
dichloromethane (20 mL). The combined organic phases were washed with water. The
organic phase was concentrated to 4 mL and n-hexane (30 mL) was added. This mixture was
centrifuged and the black residue was washed with n-hexane to yield 30 mg of a black solid.
'H-NMR (400 MHz, dichloromethane-ds, 298 K): &/ppm = 6.94-6.40 (12H), 3.98-3.69 (2H),
3.67-3.51 (6H), 2.00-1.38 (5H)*. TGA: organic weight fraction 40%. STEM: radius 0.80
(x0.23) nm.

*Proton signal next to the gold nanoparticles are missing due to spin relaxation phenomena,

see ref. 64.
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Synthesis of 2-(4-(t-butylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 13 (CAS
909255-87-4)

OL

To a solution of 1-bromo-4-(t-butylthio)benzene (12) (800 mg, 3.26 mmol) in anhydrous
thf (10 mL) was added n-butyllithium (2.2 mL, 1.6 M in thf, 3.59 mmol) dropwise over 3 min
at -78 °C under nitrogen. After 10 min tri-iso-propyl borate (1.23 g, 6.53 mmol) was added
and the reaction was stirred for 20 min at -78 °C. The reaction was allowed to warm to room
temperature within 1 h, quenched with HCI (aq) (4 M, 10 mL) and the resulting mixture was
extracted with dichloromethane (3 x 20 mL). The combined extracts were concentrated in
vacuo and the residue was dissolved in ether (15 mL). Pinacol (1.35 g, 11.4 mmol) was added,
and the solution was refluxed under rigorous stirring. After 12 h the solvent was removed and
the crude product was purified by flash column chromatography on silica gel (petroleum ether
/ dichloromethane 5:2) to obtain 768 mg ( 2.63 mmol, 92%) of a colorless solid. *H-NMR
(400 MHz, acetone-ds, 295 K): &/ppm = 7.76 (AA', 2H), 7.53 (BB', 2H), 1.35 (s, 12H), 1.28
(s, 9H).

Synthesis of the perchlorinated triarylmethane derivative 15

Cls

W
W,

Cls

e vs

Under a nitrogen atmosphere, compound 14 (550 mg, 680 wxmol) and the pinacol
borane 13 (200 mg, 684 umol) were dissolved in dry toluene (12 mL).
Tetrakis(triphenylphosphine)palladium (23.7 mg, 1.92 xmol) and sodium carbonate (1.92 mL,
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1.00 M in H,0, 1.92 mmol) were added and then stirred for 24 h at 120 °C. The solvent was
removed in vacuo, and the residue was dissolved in dichloromethane and was washed with
water. The crude product was purified by flash chromatography on silica gel (petroleum
ether) to obtain 310 mg (348 umol, 51%) of a yellow solid. *H-NMR (600 MHz,
dichloromethane-dz, 295 K): o[ _I/ppm = 7.65 (AA', 2H), 7.22 (BB', 2H), 7.08 (s, 1H), 1.33 (s,
9H). {*H}C-NMR (150 MHz, dichloromethane-d,, 295 K): &/ppm = 141.6 (quart.), 138.1
(quart.), 137.7 (2 x tert.), 137.4 (quart.), 136.9 (2 x quart.), 135.5 (quart.), 135.4 (2 x quart.),
135.0 (quart.), 134.4 (quart.), 134.2 (quart.), 134.07 (quart.), 134.04 (quart.), 133.94 (quart.),
133.91 (quart.), 133.84 (quart.), 133.82 (quart.), 133.2 (quart.), 132.81 (quart.), 132.80
(quart.) 129.4 (tert.), 129.2 (tert.), 57.0 (tert.), 46.4 (quart.), 31.1 (prim.). MS (ESI neg, high
resolution): calc. for Co9H13Cl14S™: m/z = 888.62975, exp.: m/z = 888.63041 (4 = 0.74 ppm).

Synthesis of the perchlorinated triarylmethyl radical Ref5

Cls

W
W,

Cls

Yoo e

Under a nitrogen atmosphere 15 (120 mg, 135 gxmol) was dissolved in dry DMSO (10
mL). Potassium t-butoxide (30.2 mg, 269 xmol) was added and the reaction mixture was
stirred for 30 min at room temperature in the dark. p-chloranil (33.1 mg, 135 umol) was
added, and the mixture was stirred for 60 h in the dark. Dichloromethane (30 mL) was added,
and the resulting mixture was washed with water (3 x 30 mL). After removal of the organic
solvent under reduced pressure, the residue was purified by flash column chromatography on
silica gel (petroleum ether / dichloromethane 2:1). The crude product was washed with
aqueous sodium hydroxide (6 x 20 mL, 0.13 M). The organic solvent was removed in vacuo
to obtain 100 mg (112 xmol, 83%) of a red solid. MS (APCI neg, high resolution): calc. for
Ca9H13Cl14S™: m/z = 888.62975, exp.: m/z = 888.63152 (A = 1.99 ppm).
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Synthesis of the perchlorinated triarylmethane derivative 16

Following GP6, BBr; and acetyl chloride were added to a solution of 15 (300 mg, 337
umol) in dry dichloromethane (6 mL). The reaction mixture was quenched with water (20
mL), and extracted with dichloromethane (3x 30 mL). The organic solvent was removed in
vacuo. The crude product was precipitated twice by addition of a concentrated
dichloromethane solution to n-hexane. Crystallization from n-hexane at -32 °C yielded 255
mg (291 zmol, 86%) of a brownish solid. *H-NMR (600 MHz, dichloromethane-d,, 295 K):
dppm = 7.56 (AA', 2H), 7.31 (BB', 2H), 7.08 (s, 1H), 2.45 (s, 3H). {*H}**C-NMR (150 MHz,
dichloromethane-d,, 295 K): d/ppm = 193.6 (quart.), 141.2 (quart.), 138.6 (quart.), 137.6
(quart.), 136.831 (quart.), 136.827 (quart.), 135.5 (quart.), 135.4 (quart.), 135.1 (quart.),
134.82 (tert.), 134.81 (tert.), 134.4 (2 x quart.), 134.2 (quart.), 134.1 (quart.), 134.0 (quart.),
133.9 (quart.), 133.85 (quart.), 133.84 (quart.), 133.2 (quart.), 132.82 (quart.), 133.81 (quart.),
130.1 (tert.), 129.9 (tert.), 129.4 (quart.), 57.0 (tert.), 30.5 (prim.).

MS (APCI neg, high resolution): calc. for C»;H;Cl14,0S™: m/z = 868.58625, exp.: m/z =
868.58431 (A =2.23 ppm).
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Synthesis of Au-PCTM

Cls

W
W,

Clg

O

Lithium boron hydride (18.3 mg, 838 xmol) was added to dry thf (6 mL) under a nitrogen
atmosphere. The suspension was added to the thioester 16 (134 mg, 152 pmol) and warmed to
30 °C to allow complete dissolution. Two-thirds of the solution (4 mL) were added dropwise
to a solution of gold(l11) chloride trihydrate (60.0 mg, 152 zmol) in thf (7.6 mL) within 90 sec
at room temperature. After stirring for a 60 sec the remaining solution of lithium boron
hydride and the thioester 6 (2 mL) was added within 30 sec. The dark colored suspension was
stirred for 5 min at 0 °C and then for 11 min at room temperature. Toluene was added (1 mL)
and the mixture was concentrated in vacuo to 1 mL. The remaining solution was transferred
into n-hexane (20 mL) and stored at -32 °C overnight. The black precipitate was filtered of
and washed with n-hexane (6 x 10 mL) to yield 75 mg of a black solid. *H-NMR (400 MHz,
dichloromethane-d,, 295 K): d/ppm = 9.07 — 7.37 (bm, 2H), 7.25 - 5.96 (bm, 3H), 7.07 (s,
1H). IR (ATR): viem™ = 2930 (w), 1590 (w), 1530 (w), 1490 (w), 1360 (s), 1330 (s), 1295
(s), 1020 (s), 805 (s), 730 (s), 580 (5).
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Synthesis of Au-Rad

The nanoparticle Au-PCTM (40.0 mg) was dissolved in dry DMSO (5 mL) under
nitrogen and potassium t-butoxide (4.44 mg, 39.6 umol) was added. After stirring for 2 h in
the dark p-chloranil (19.5 mg, 79.2 umol) was added and the mixture was stirred for 1.5 h at
room temperature in the dark. Dichloromethane (20 mL) was added and the resulting mixture
was washed with aqueous sodium hydroxide (4 x 20 mL, 0.13 M). The organic layer was
separated and the solvent was removed under reduced pressure to obtain 30 mg of a brown
solid. IR (ATR): viem™ = 2930 (w), 1490 (w), 1360 (s), 1330 (s), 1295 (s), 1020 (s), 850 (s),
805 (s), 580 (5).

Synthesis of 4-(bis(4-methoxyphenyl)amino)benzaldehyde 18 (CAS 89115-20-8)

MeO

@)
N<>//

MeO

The triarylamine derivative 14 (600 mg, 1.56 mmol) was dissolved in thf and n-
butyllithium (1.07 mL, 1.72 mmol, 1.6 M in toluene) was added at -78 °C. After 10 min N,N-
dimethylformamide (240 wL, 3.12 mmol) was added. The reaction mixture was stirred for 10
min at -78 °C and then for 18 h at room temperature. The solvent was removed in vacuo and
the crude product was purified by flash chromatography on silica gel (petroleum ether /

dichloromethane 8:1 - dichloromethane) to obtain an orange solid (370 mg, 1.11 mmol,
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71%). 'H-NMR (400 MHz, chloroform-d;, 295 K): &lppm = 9.76 (s, 1H), 7.62 (AA', 2H),
7.13 (AA', 4H), 6.89 (BB', 4H), 6.85 (BB', 2H), 3.82 (s, 6H).

Synthesis of (4-(bis(4-methoxyphenyl)amino)phenyl)methanol 19 (CAS 392662-43-0)

MeO

2 OH
N

MeO

Following lit.?”?

compound 18 (270 mg, 810 xmol) was converted to 19 with NaBH,4
(61.3 mg, 1.62 mmol ) in EtOH (10 mL) at room temperature (reaction time 4 h). The solvent
was removed in vacuo and the residue was dissolved in dichloromethane (20 mL). The
organic phase was washed with water (3x 20 mL) and dried with MgSO,. The solvent was
removed in vacuo to yield (246 mg, 734 umol, 91%) of a yellow solid. *H-NMR (400 MHz,
chloroform-ds, 295 K): d/ppm = 7.18 (AA', 2H), 7.00 (BB', 4H), 6.90-6.82 (-, 6H), 5.63 (s,

1H), 4.52 (s, 2H), 3.78 (s, 6H).
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Synthesis of S-4-(bis(4-methoxyphenyl)amino)benzyl ethanethioate 20

MeQO

v

MeO

Di-iso-propyl azodicarboxylate (573 mg, 2.83 mmol) and PPh; (743 mg, 2.83 mmol)
were dissolved in thf (6 mL) and stirred for 20 min at 0 °C. Thioacetic acid (216 mg, 2.83
mmol) and compound 19 (190 mg, 566 xmol) were separately dissolved in thf (6 mL) and
slowly added to the di-iso-propyl azodicarboxylate / PPhs solution. The mixture was stirred
for 15 min at 0 °C and then for 14 h at room temperature. The solvent was removed in vacuo.
The crude product was purified by flash chromatography on silica gel (petroleum ether /
dichloromethane 5:4 > 1:1) to obtain a yellow solid (120 mg, 305 zmol, 54%). *H-NMR
(400 MHz, dichloromethane-d,, 295 K): d/ppm = 7.06 (AA', 2H), 7.01 (AA', 4H), 6.83-6.79
(-, 6H), 4.03 (s, 2H), 3.77 (s, 6H), 2.32 (s, 3H). {*H}**C-NMR (100 MHz, dichloromethane-
dy, 295 K): d/ppm = 195.5 (quart.), 156.4 (quart.), 148.4 (quart.), 141.2 (quart.), 129.73 (tert.),
129.67 (quart.), 126.9 (tert.), 120.7 (tert.), 115.0 (tert.), 55.8 (prim.), 33.4 (sek.), 30.6 (prim.).
MS (EI pos, high resolution): calc. for C23H23NO3S™: m/z = 393.13932, exp: m/z = 393.13924
(A4=0.20 ppm).
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Synthesis of O-(4-(bis(4-methoxyphenyl)amino)phenyl) dimethylcarbamothioate 21

MeO

Q s

/
N
N—< >—o>_ \
MeO

The triarylamine 10 (530 mg, 1.65 mmol) was dissolved in dimethylformamide (8 mL)
and NaH (79.2 mg, 3.30 mmol) was added. The mixture was cooled to -13 °C and a
dimethylthiocarbamoyl chloride-solution (2.0 mL, 247 mmol, 1.2 M in N,N-
dimethylformamide) was added drop wise. The mixture was stirred for 15 min at 0 °C and
then for 2 d at 80 °C. Water was added and a yellowish precipitate was isolated by
centrifugation. The solid was dissolved in dichloromethane and the organic phase was washed
with water and dried with MgSO,. The solvent was removed in vacuo and the crude product
was purified by flash chromatography on silica gel (petroleum ether / ethyl acetate 6.5:1 -
6:1) to obtain a yellow oil (250 mg, 612 pmol, 37%). *H-NMR (400 MHz, dichloromethane-
d, 295 K): o/ppm = 7.05 (AA', 4H), 6.90-6.81 (-, 8H), 3.78 (s, 6H), 3.41 (s, 3H), 3.29 (s, 3H).
{*H}C-NMR (100 MHz, dichloromethane-d,, 295 K): &/ppm = 188.4 (quart.), 156.4
(quart.), 148.1 (quart.), 146.9 (quart.), 141.4 (quart.), 126.9 (tert.), 123.4 (tert.), 120.9 (tert.),
115.1 (tert.), 55.8 (prim.), 43.4 (prim.), 38.8 (prim.). MS (ESI pos, high resolution): calc. for
C23H24N203S™: m/z = 408.15021, exp.: m/z = 408.15020 (4 = 0.02 ppm).
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Synthesis of S-(4-(bis(4-methoxyphenyl)amino)phenyl) dimethylcarbamothioate 22

MeO

MeO

Compound 21 (140 mg, 343 umol) was dissolved in toluene and P(t-Bu)z (79 uL, 78.5
pumol, 1.0 M in toluene) and Pd,(dba);*CHCI; (36 mg, 34 pumol) were added. The mixture
was purged with N, for 5 min and stirred at 120 °C for 2 d. Because compound 21 was not
complete converted into the product Pd,(dba);*CHCI3 (20 mg, 19.3 pmol) was added and the
mixture was stirred at 120 °C for 1 d. The solvent was removed in vacuo and the residue was
redissolved in dichloromethane. The organic phase was washed with water and then dried
with MgSO,. The solvent was removed in vacuo and the crude product was purified by
chromatography on alumina (petroleum ether / ethyl acetate 8:1) to obtain a yellow oil (67
mg, 160 pmol, 47%). *H-NMR (400 MHz, acetone-dg, 295 K): &/ppm = 7.20 (AA', 2H), 7.10
(AA', 4H), 6.93 (BB', 4H), 6.76 (BB', 2H), 3.80 (s, 6H), 3.28-2.85 (-, 6H). {*H}*C-NMR
(100 MHz, dichloromethane-ds, 295 K): &/ppm = 167.1 (quart.), 157.9 (quart.), 150.8 (quart.),
141.0 (quart.), 137.6 (tert.), 128.5 (tert.), 119.5 (tert.), 119.0 (quart.), 115.9 (tert.), 55.9
(prim.), 36.9 (prim.). MS (ESI pos, high resolution): calc. for C,3H2N»0sS™: m/z =
408.15021, exp.: m/z = 408.15017 (A =0.10 ppm).

120



5 Experimental Section

Synthesis of 4-(bis(4-methoxyphenyl)amino)benzenethiol) 23

MeO

&

e

MeO

Compound 22 (20 mg, 49 umol) and NaOH (6 mg, 150 zmol) in MeOH (4 mL) were
stirred at 80 °C for 6 h. 1 M hydro chloride (1 mL) and dichloromethane (10 mL) were added.
The organic phase was washed with water (3 x 20 mL) and then dried with MgSO,. The
solvent was removed in vacuo and the crude product was purified by chromatography on
alumina (petroleum ether / dichloromethane 3:1) to obtain a yellow oil (8 mg, 24 pumol, 49%).
'H-NMR (600 MHz, acetone-ds, 295 K): &/ppm = 7.30 (AA', 2H), 7.08 (AA', 4H), 6.92 (BB,
4H), 6.75 (BB', 2H), 3.79 (s, 6H). {"H}*C-NMR (150 MHz, acetone-ds, 295 K): &lppm =
157.7 (quart.), 150.4 (quart.), 140.8 (quart.), 133.1 (tert.), 128.4 (tert.), 127.2 (quart.), 119.9
(tert.), 115.7 (tert.), 55.7 (prim.). MS (ESI pos, high resolution): calc. for CooH1gNO,S™: m/z =
336.10528, exp.: m/z = 336.10522 (A= 0.18 ppm).

Synthesis of ethyl 4-((4-(t-butylthio)phenyl)ethynyl)benzoate 25 (CAS 149398-19-6)

O—0
{

Following GP2 compound 2 (180 mg, 718 gmol) and 24 (125 mg, 718 umol) in 1,4-
dioxane (8 mL) were transformed into 25 (reaction time 12 h). Flash chromatography on silica
gel (petroleum ether / dichloromethane 2:1 - 1:1 - 1:2) yielded 150 mg (443 umol, 62%) of
a brownish solid. *H-NMR (250 MHz, chloroform-d;, 295 K): &/ppm = 8.03 (AA', 2H), 7.58
(BB', 2H), 7.51 (-, 4H), 4.39 (q, 2H, 3Juy = 7.10 Hz), 1.41 (t, 3H, 3Jun = 7.17 Hz), 1.30 (s,
9H).
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Synthesis of ethyl 4-((4-(acetylthio)phenyl)ethynyl)benzoate SEMAL

_§=<}

According to GP6 a solution of 25 (80 mg, 240 umol) in dry dichloromethane (6 mL)
was converted into SEMAL (50 mg, 150 zmol, 63%) to obtain a brownish solid. *H-NMR
(400 MHz, chloroform-d, 295 K): o/ppm = 8.03 (AA', 2H), 7.60-7.55 (-, 4H), 7.42 (BB', 2H),
4.39 (q, 2H, *Jun = 7.17 Hz), 2.44 (s, 3H), 1.41 (t, 3H, 3Juy = 7.15 Hz). {"H}**C-NMR (150
MHz, chloroform-d;, 295 K): dppm = 193.4 (quart.), 166.2 (quart.), 134.4 (tert.), 132.4
(tert.), 131.7 (tert.), 130.3 (quart.), 129.7 (tert.), 128.8 (quart.), 127.6 (quart.), 124.1 (quart.),
91.5 (quart.), 90.4 (quart.), 61.3 (sec.), 30.5 (prim.), 14.5 (prim.). MS (El pos, high
resolution): calc. for C19H160sS™: m/z = 324.08147, exp.: m/z = 324.08145 (4 = 0.06 ppm).

Synthesis of (E)-ethyl 4-(4-(t-butylthio)styryl)benzoate 28

S /O
- <

Under nitrogen atmosphere NaH (65 mg, 2.7 mmol) was added to a solution of the alkyl
phosphonate 27 (440 mg, 1.47 mmol) in dry thf (5 mL) at room temperature. A solution of the
aldehyde 26 (280 mg, 1.44 mmol) in thf (5 mL) was added and the mixture was stirred for 10
h. After removal of solvent in vacuo the residue was dissolved in dichloromethane (15 mL)
and the organic phase was washed with water (3 x 20 mL). Flash chromatography on silica
gel (petroleum ether / dichloromethane 5:4 - 1:1 - 2.5:3 - dichloromethane) yielded 190
mg (558 umol, 39%) of a yellow solid. *H-NMR (400 MHz, chloroform-d;, 295 K): &/ppm =
8.04 (AA', 2H), 7.60-7.45 (-, 6H), 7.21 (d, 1H, %34y = 16.3 Hz), 7.15 (d, 1H, 34y = 16.4 Hz),
439 (g, 2H, *Jun = 7.1 Hz), 1.41 (t, 3H, *Juy = 7.1 Hz), 1.31 (s, 9H). {*H}**C-NMR (100
MHz, Chloroform-d;, 295 K): dppm = 166.5 (quart.), 141.6 (quart.), 137.9 (tert.), 137.3
(quart.), 133.0 (quart.), 130.5 (tert.), 130.2 (tert.), 129.7 (quart.), 128.7 (tert.), 126.8 (tert.),
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126.5 (tert.), 61.1 (sec.), 46.5 (quart.), 31.1 (prim.), 14.5 (prim.). MS (EI pos, high resolution):
calc. for Cy1H240,S™: m/z = 340.14915, exp.: m/z = 340.14931 (4 = 0.47 ppm).

Synthesis of (E)-ethyl 4-(4-(acetylthio)styryl)benzoate SEMA2

According to GP6, compound 28 (190 mg, 558 zmol) was converted into SEMAZ2 (80.0
mg, 245 umol, 44%) to obtain a yellow solid. *H-NMR (400 MHz, chloroform-d;, 295 K):
Sppm = 8.04 (AA', 2H), 7.58-7.55 (-, 4H), 7.42 (BB', 2H), 7.23-7.14 (-, 2H), 4.39 (q, 2H,
%Jun = 7.1 Hz), 2.44 (s, 3H), 1.41 (t, 3H, *Juu = 7.1 Hz). {"H}*C-NMR (100 MHz,
chloroform-d;, 295 K): dlppm = 194.1 (quart.), 166.5 (quart.), 141.4 (quart.), 138.1 (quart.),
134.9 (tert.), 130.22 (tert.), 130.18 (tert.), 129.8 (quart.), 129.3 (tert.), 127.7 (quart.), 127.6
(tert.), 126.6 (tert.), 61.1 (sec.), 30.4 (prim.), 14.5 (prim.). MS (EI pos, high resolution): calc.
for C19H180sS™: m/z = 326.09766, exp.: m/z = 326.09712 (4 = 1.7 ppm).

Synthesis of t-butyl(4-(iodoethynyl)phenyl)sulfane 30
=

In the dark AgNO; (118 mg, 694 umol) and N-lodosuccinimide (286 mg, 1.27 mmol)
were added to a solution of the alkine 29 (220 mg, 1.16 mmol) in acetone (11 mL) at room
temperature and stirred for 12 h. The solvent was removed in vacuo and the residue dissolved
in dichloromethane (10 mL). The organic phase was washed with water (3 x 20 mL) and then
dried with MgSO,. After removal of the solvent in vacuo the crude product was recrystallized
from methanol to obtain 167 mg (528 xmol, 46%) of a yellow solid. 'H-NMR (400 MHz,
acetone-ds, 295 K): dlppm = 7.53 (AA', 2H), 7.45 (BB', 2H), 1.27 (s, 9H). {*H}**C-NMR
(100 MHz, , acetone-ds, 295 K): o/ppm = 138.1 (tert.), 135.1 (quart.), 133.2 (tert.), 124.9
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(quart.), 93.9 (quart.), 47.0 (quart.), 31.4 (prim.), 13.4 (quart.). MS (EI pos, high resolution):
calc. for CoHy3IS™: m/z = 315.97772, exp.: m/z = 315.97731 (4 = 1.30 ppm).

Synthesis of ethyl 4-((4-(t-butylthio)phenyl)buta-1,3-diynyl)benzoate 31

OO0
ﬁ

According to lit.,?” to a stirred solution of the alkyne 24 (92.0 mg, 528 zmol), CuCl (6.2
mg, 63 umol), hydroxylammonium chloride (73.4 mg, 1.06 mmol) and pyrrolidine (11 mL,
1.3 mmol) in dry methanol (8 mL) under nitrogen atmosphere at 0 °C in the dark was added a
degassed suspension of the iodoacetylene 30 (167 mg, 528 umol) in dry methanol. The
mixture was stirred at 0 °C for 10 min and then at room temperature for 12 h. The solvent was
removed in vacuo and the residue redissolved in dichloromethane (10 mL). The organic phase
was washed with water (3 x 20 mL) and the solvent was removed in vacuo. The crude product
was purified by flash chromatography on silica gel (petroleum ether / dichloromethane 1:1 >
3:4) and then recrystallized from acetone to obtain a colorless solid (20.0 mg, 55.2 pumol,
10%). *H-NMR (400 MHz, dichloromethane-ds, 295 K): &ppm = 8.00 (AA', 2H), 7.60 (BB',
2H), 7.53-7.49 (-, 4H), 4.36 (q, 2H, *Juy = 7.13 Hz), 1.38 (t, 3H, Iy = 7.14 Hz), 1.29 (s,
9H). {*"H}**C-NMR (100 MHz, dichloromethane-d,, 295 K): &/ppm = 165.9 (quart.), 137.5
(tert.), 135.7 (quart.), 132.73 (tert.), 132.70 (tert.), 131.3 (quart.), 129.8 (tert.), 126.3 (quart.),
121.8 (quart.), 82.6 (quart.), 81.4 (quart.), 76.4 (quart.), 74.9 (quart.), 61.6 (sec.), 47.0 (quart.),
31.1 (prim.), 14.4 (prim.).
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Synthesis of ethyl 4-((4-(acetylthio)phenyl)buta-1,3-diyn-1-yl)benzoate SEMA3

OO0

As described in GP6, compound 31 (20.0 mg, 55.2 #umol) was converted into SEMA3
(2.0 mg, 5.7 umol, 10%) to obtain a yellow solid. *H-NMR (400 MHz, dichloromethane-d,,
295 K): dppm = 8.01 (AA', 2H), 7.62-7.57 (-, 4H), 7.42 (BB', 2H), 4.36 (q, 2H, 3Jun = 7.13
Hz), 2.43 (s, 3H), 1.38 (t, 3H, *Juy = 7.12 Hz). {*H}**C-NMR (100 MHz, dichloromethane-
dy, 295 K): dppm = 193.2 (quart.), 165.9 (quart.), 134.7 (tert.), 133.3 (tert.), 132.8 (tert.),
131.5 (quart.), 130.5 (quart.), 129.8 (tert.), 126.3 (quart.), 122.8 (quart.), 82.2 (quart.), 81.6
(quart.), 76.3 (quart.), 75.2 (quart.), 61.7 (sec.), 30.6 (prim.), 14.4 (prim.). MS (EI pos, high
resolution): calc. for C21H160sS™: m/z = 348.08147, exp.: m/z = 348.08159 (4 = 0.34 ppm).

Synthesis of 4-bromo-N-(2-(2-hydroxyethoxy)ethyl)benzamide 33 (CAS 710330-97-5)
O
Br—@—{ o
HN—" —
OH

To a solution of 4-bromobenzoyl chloride (32) (400 mg, 1.82 mmol) in dry thf (10 mL)
under nitrogen atmosphere at 0 °C was added 2-(2-aminoethoxy)ethanol (2.18 mL, 21.9
mmol). After stirring for 12 h at room temperature the solvent was removed in vacuo. The
crude product was dissolved in dichloromethane and the organic phase washed with water (3
x 20 mL). The solvent was removed in vacuo and the crude product was purified by flash
chromatography on silica gel (petroleum ether / ethyl acetate 4:1 - 1:1 - 1.5 - ethyl
acetate / methanol 5:1) to obtain a colorless solid (500 mg, 1.74 mmol, 96%). *H-NMR (400
MHz, chloroform-d;, 295 K): dppm = 7.72 (AA', 2H), 7.49 (BB', 2H), 7.06-6.89 (-, 1H),
3.78-3.70 (m, 2H), 3.67-3.54 (-, 6H), 2.81-2.52 (-, 1H).
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Synthesis of N-(2-(2-hydroxyethoxy)ethyl)-4-((trimethylsilyl)ethynyl)benzamide 15

| O
—Sl|4<_ >_4|-|N—/_O\—\

OH

According to general procedure GP4, compound 34 was synthesized from 33 (250 mg,
868 umol) and ethynyl-trimethyl-silane (240 xL, 1.70 mmol) with triethylamine (250 L,
1.80 mmol) (reaction time 5 d). Flash chromatography on silica gel (petroleum ether / ethyl
acetate 1:5 - petroleum ether / ethyl acetate / methanol 2:4:0.5) yielded 220 mg (720 zmol,
83%) of a colorless oil. 'H-NMR (400 MHz, chloroform-d;, 295 K): dlppm = 7.71 (AA', 2H),
7.47 (BB', 2H), 6.96-6.83 (-, 1H), 3.74-3.68 (m, 2H), 3.68-3.57 (-, 6H), 2.17-2.08 (-, 1H),
0.26 (s, 9H). {"H}*C-NMR (100 MHz, dichloromethane-d,, 295 K): &/ppm = 166.8 (quart.),
134.7 (quart.), 132.3 (tert.), 127.3 (tert.), 126.6 (quart.), 104.3 (quart.), 97.2 (quart.), 72.7
(sec.), 70.1 (sec.), 62.1 (sec.), 40.2 (sec.), -0.13 (prim.). MS (ESI pos, high resolution): calc.
for C1sH24NO3Si™: m/z = 306.15200, exp.: m/z = 306.15196 (4 = 0.13 ppm).

Synthesis of 4-ethynyl-N-(2-(2-hydroxyethoxy)ethyl)benzamide 35
@
- o
HN N
OH

Compound 34 (210 mg, 688 umol) was dissolved in thf (10 mL) and a solution of tetra-n-
butylammonium fluoride (TBAF) (830 L, 830 xmol, 1.0 M in thf) was added. After stirring
for 1 h at room temperature the solvent was removed in vacuo and the residue was dissolved
in dichloromethane. The organic phase was washed with water and dried with MgSQO,. The
solvent was removed in vacuo and the crude product was purified by flash chromatography on
silica gel (ethyl acetate - ethyl acetate / methanol 5:1) to afford 62.0 mg (266 pumol, 39%) of
a black oil. *H-NMR (400 MHz, chloroform-dy, 295 K): &/ppm = 7.72 (AA', 2H), 7.49 (BB,
2H), 7.06-6.89 (-, 1H), 3.78-3.70 (m, 2H), 3.67-3.54 (-, 6H), 2.81-2.52 (-, 1H). {*"H}**C-NMR
(150 MHz, dichloromethane-d,, 295 K): o/ppm = 167.1 (quart.), 135.1 (quart.), 132.5 (tert.),
127.4 (tert.), 125.4 (quart.), 83.0 (quart.), 79.6 (tert.), 72.7 (sec.), 70.1 (sec.), 61.9 (sec.), 40.3
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(sec.).* MS (ESI pos, high resolution): calc. for C13H1sNOs": m/z = 234.11247, exp.: m/z =
234.11244 (A= 0.13 ppm).

*The multiplicity were determined by varying the optimized H-C coupling constant (J = 50
Hz, 145 Hz, 250 Hz) in the DEPT135 experiment.

Synthesis of S-4-((4-(2-(2-hydroxyethoxy)ethylcarbamoyl)phenyl)ethynyl)phenyl
ethanethioate SEMA4

As described in GP4, SEMAA4 was synthesized from 35 (70.0 mg, 300 zmol) and 36 (92
mg, 330 umol) with di-iso-propylethylamine (60 L, 360 zmol) (reaction time 4 d). The
solvent was removed in vacuo and the crude product was purified by GPC to obatin 14.0 mg
(36.5 zmol, 12%) of a yellow solid. *H-NMR (250 MHz, chloroform-ds, 295 K): &/ppm =
7.78 (AA', 2H), 7.61 (BB', 2H), 7.59 (AA', 2H), 7.37 (BB', 2H), 6.74-6.62 (m, 1H), 3.75-3.70
(m, 2H), 3.69-3.62 (-, 4H), 3.61-3.59 (m, 2H), 2.43 (s, 3H), 2.12-2.04 (m, 1H). {"H}"*C-NMR
(150 MHz, dichloromethane-d,, 295 K): d&/ppm = 193.6 (quart.), 166.7 (quart.), 134.73 (tert.),
134.71 (quart.), 132.5 (tert.), 132.0 (tert.), 129.2 (quart.), 127.4 (tert.), 126.2 (quart.), 124.4
(quart.), 90.9 (quart.), 90.4 (quart.), 72.6 (sec.), 70.1 (sec.), 62.1 (sec.), 40.2 (sec.), 30.5
(prim.). MS (ESI pos, high resolution): calc. for C21H22NO,S™: m/z = 384.12641, exp.: m/z =
384.12636 (4 = 0.13 ppm).
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8  Zusammenfassung

In dieser Arbeit wurde die Synthese und Analyse von neuen Nanopartikel-Hybrid-
Strukturen gezeigt. Dartiber hinaus wurden die optischen, elektrochemischen und
spektroelektrochemischen Eigenschaften dieser Materialien untersucht. Die Arbeit gliederte
sich dabei in zwei Teile.

Der erste Teil beschéftigt sich mit Triarylamin- und PCTM-Radikal-funktionalisierten
Gold-Nanopartikeln. Im Zentrum dieser Untersuchung stand neben der Synthese vor allem die
Untersuchung von Chromophor-Chromophor Wechselwirkungen und Goldkern-Chromophor
Wechselwirkungen. Dazu wurden in erster Linie Triarylamine mit verschiedenen
Bruckeneinheiten an den Goldkern angeknipft und mit optischen und elektrochemischen
Methoden untersucht.

Obwohl die Synthese von Chromophor-funktionalisierten Gold-Nanopartikeln eine grof3e
Herausforderung darstellte, konnten Syntheserouten zu stabilen Nanopartikeln entwickelt
werden. Dabei hat sich vor allem der Einsatz einer Spritzenpumpe zur genauen Regelung der
Zugabe-Geschwindigkeiten der einzelnen Reaktanden als nitzlich erwiesen.

Im Weiteren konnten die Reinheit und die Abmessungen der Nanopartikel mit *H-NMR
Spektroskopie, diffusion-ordered-NMR Spektroskopie-(DOSY), TGA, XPS und STEM genau
bestimmt werden und die Zusammensetzung der Partikel mit einer elektrochemischen
Analysemethode errechnet werden. Aus diesen Parametern wurde dann die Seeigel-artige
Struktur der Partikel abgeleitet.

Die optischen Untersuchungen der Partikel zeigte ein anisotropes Absorptionsverhalten
der Triarylamine, welches eine Folge von Goldkern-Chromophor Wechselwirkungen ist.
Dieses Verhalten war allerdings sehr stark von der Orientierung des Ubergangdipolmoments
des Chromophors zur Goldoberflache abhangig und vom Abstand des Chromophors zur
Goldoberflache. So war das anisotrope Verhalten nur bei Au-Taral zu beobachten. Die kurze
und starre z-konjugierte Brickeneinheit beglnstigte dabei die Chromophor-Goldkern
Wechselwirkung.

In elektrochemischen Untersuchungen konnte gezeigt werden, dass die Triarylamin-
Einheiten chemisch reversibel zum Monoradikal-Kation oxidiert werden koénnen. Dartber
hinaus konnte in den Messungen eine starke Interligand-Triarylamin-Triarylamin-

Wechselwirkung fir die Au-Taral Partikel beobachtet werden. Die l&ngeren
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8 Zusammenfassung

Brickeneinheiten der Au-Tara2 und Au-Tara3 Partikel als auch die aliphatische Briicke des
Au-Tara4 Partikels verhinderten eine elektronische Interligand-Wechselwirkung. Somit zeigt
sich, dass nicht nur die Triarylamin-Goldkern-Wechselwirkung sondern auch die Interligand-
Wechselwirkung sehr sensitiv auf die L&nge und Starrheit der Briicke reagieren.

In einer weiteren Untersuchung wurde das Elektronentransferverhalten der Triarylamin-
Einheiten auf dem Partikel untersucht. In den dafiir durchgefiihrten spektroelektrochemischen
Untersuchungen wurde eine starke Kopplung zwischen benachbarten Triarylamin-Einheiten
beobachtet. Dieses Verhalten wurde den Intervalenz-Wechselwirkungen durch den Raum
zugeordnet und war weder fir Au-Tara3 noch fir Au-Tara4 zu beobachten. Diese Analyse
zeigte, dass auch diese interligand Wechselwirkung stark von dem Abstand und der
Orientierung der Triarylamin-Einheiten zueinander abhangt. Somit konnte durch die
systematische Variierung der Briuckeneinheit ein detailierter Einblick in die optischen und
elektrochemischen Eigenschaften von Triarylaminen adsorbiert auf kleinen runden Gold-
Nanopartikeln gegeben werden.

Des Weiteren wurden Goldpartikel mit einem perchlorierten Triarylmethan (PCTM)-
Derivat funktionalisiert und dann chemisch radikalisiert. Der resultierende PCTM-Radikal-
Gold-Nanopartikel wurde anschlieBend analysiert. Die GroRe des Goldkerns wurde auf
Kleiner als 1 nm abgeschatzt. Es zeigte sich, dass die optischen und elektrochemischen
Eigenschaften des Radikals durch die Anbindung an die Goldoberflachen nur in geringem
MaRe beeinflusst werden. Hierfir war vor allem die unvollstandige Radikalisierung
verantwortlich. Anhand von spektroelektrochemischen Messungen konnte gezeigt werden,
dass zwischen den beiden magnetischen on/off Zustdnden des Radikals und des Anions
reversibel geschaltet werden kann. Der PCTM-Radikal-funktionalisierte-Gold-Nanopartikel

stellt somit einen frei diffundierenden Nanoschalter da.

Im zweiten Teil dieser Arbeit wurden neue Molekiile, sogenannte SERS-Marker, fir den
Einsatz in immuno-SERS-Mikroskopie Experimenten synthetisiert. Zu diesem Zweck wurden
die Molekile mit verschiedenen Raman-aktiven Einheiten und einer Thiol-Funktion
ausgestattet. Dabei sollte die Raman Schwingung des Markers entlang der Molekil-Achse
polarisiert sein, um ein intensives SERS-Signal zu bekommen. In Zusammenarbeit mit der
Arbeitsgruppe von Prof. S. Schliicker (Universitdt Osnabriick) wurden die Marker mittels
Thiol-Einheit auf Au/Ag-Hohlkugeln aufgebracht (SERS-Label) und dann untersucht. Die
SERS-Spektren der SERS-Label zeigten intensive und fur jeden Marker charakteristische
SERS-Signale.
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Fir immuno-SERS-Experimente wurde dann SEMA3 mit einer hydrophilen
Schwanzeinheit versehen. Dieser Marker wurde wiederum auf eine Au/Ag-Hohlkugel
aufgebracht und an den hydrophilen Schwanzeinheiten mit einer Silikatschicht berzogen.
AnschlieBend wurde zusétzlich ein anti-p63 Antikorper aufgebracht, um den
Tumorsuppressor p63 zu detektieren, der vor allem in gutartigen Prostata-Gewebe vorkommt.
Mit dem SERS-markierten Antikdrper konnte an Prostata-Gewebe p63 im Basal-Epithel
nachgewiesen werden. Diese Untersuchungen zeigen das Potential dieser Methode zum

gleichzeitigen Nachweis verschiedener Biomolekdile in einem Multiplexing Experiment.
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