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Building Blocks for the Assembly of Nanostructures

Tina Gschneidtner
Department of Chemistry and Chemical Engineering
Chalmers University of Technology
Gothenburg, Sweden

ABSTRACT

The natural world and many man made technologies are driven by self-assembly,
involving the autonomous organization of individual components as a result of specific
local interactions into functional structures. Self-assembly is a platform from which to
construct materials with a high complexity, in high precision, with an inbuilt error-
correction system due to its dynamic nature. For example, in nature this principle allows
us to encode our genome by the controlled opening and closing two stands of DNA. In
addition, linear protein chains fold into elaborate 3D structures for specific functions,
cells assemble and divide for example into embryonic tissue and form the basis of
reproduction. In fact, all these biological components have a high degree of
organization owing to specific interactions at molecular level. The principle of self-
assembly is also used in technology for example for drug delivery through liposomes
made out of lipid bilayers to carry the drug through membranes to reach specific tissues.
It is also the basis of many type of biosensors, such as glucose sensors used by diabetics
to monitor their blood sugar level. But also future computer based technology may need
ordered arrays of molecules, such as rotaxanes. Rotaxanes for example assemble and
switch between two states, which is a promising step towards future molecular-based
computers. Indeed, society is in a demand for more powerful computers and therefore
its working components ideally need further miniaturization.

This thesis is focusing on different aspects of the self-assembly. The molecular level,
the design of new molecules for the self-assembly on surfaces. We designed several
molecules and dyes, such as terpyridines, rhodamines and photolabile molecules, which
assemble on metal surfaces. Another aspect of this thesis is the testing and evaluating
for possible application, such as in biosensing on surfaces with photolabile compounds.
Furthermore, the complex strengths of osmium cations and terpyridin was determined
using terpyridine molecules assembled on an AFM tip and on a metal surface.
Moreover, a plasmon-exciton hybrid was observed by assembling rhodamine dyes on
metal nanostructures. Spectral dips in the scattering spectrum appear due to strong
coupling between the molecule and the metal. A third aspect of this work was the
synthesis of nanoparticles and its assembly into discrete aggregates such as dimers
using different approaches, such as molecular linkers or electrostatic interaction.
Heterodimeric NPs were tested in hydrogen uptake experiments on individual particles.

Keywords: Self-Assembly, molecules, nanoparticles, sensing, plasmon
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Background

1.1 Introduction

Controlled self-assembly of nanoparticles to afford dimeric nanoparticle (NP)
structures is an interesting challenge for many research areas, such as bio-medical
science, physics and chemistry. Fundamental questions in material science and
nanotechnology have the potential to be answered with nanoparticle dimers, such as the
possible miniaturization of electronic and medical devices. '

The current computer technology uses lithography for the production of silicon-based
chips. This method is called “top-down” approach, in which devices are manufactured
by removing material from larger entities. But to build more powerful and faster
computer, these approach need to achieve the size of a few atoms, which is not possible
with current top down technology yet.>* Current research on nanodevices focuses
therefore on e.g. improving semiconductor based devices with the help of self-assembly

of molecules and nanoparticles, via a method called “bottom-up” approach, see Figure
1.5,6

A) Top-down Bottom-Up B)

@
)

Figure 1: A) Schematic of the bottom-up vs top-down methodology to construct
nanostructures, B) Example of constructing nanostructures by advanced hole-colloidal
lithography. (© from reference® 2014 ACS Publications)

A first step towards molecular computing is the development of new structures such as
molecules with two stables states to be switched to, in order to form the binary 1 or 0
for memory devices. Examples are here Stoddards switches, the rotaxanes.® Their
performance, durability is still not comparable with current technology as used in
computers, neither to nano machines in nature.” Nature shows how to form structures
in nanometer size, such as biological machines, e.g. the motor proteins myosin, which
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is involved in muscle contractions and other motions in muscle tissue, or our DNA. But
also the assembly of nanoparticles or even dimeric nanoparticles, as shown by Thomas
Bjernholm et al.® can be used to form for e.g. nanoelectrodes.

Dimeric metal structures produced via top-down methods, are produced in a variety of
different ways, for example by hole-mask colloidal lithography (see Figure 1B),”!! by
electron beam (EBL) or focused ion beam (FIB).!'> Common for all of these and other
top-down techniques is the manipulation of larger structures to create nanostructures.
Nanostructures prepared in this way can be positioned on top of each other or next to
each other, but there are limiting factors including the fact that these nanostructures are
in the size of several atoms, they are mostly not single crystalline and therefore special
surface facets, which may exhibit specific catalytic efficiencies, cannot often be
investigated by structures made in a top-down method.

Colloidal nanoparticles composed of different materials with a multitude of sizes and
morphologies, displaying different facets, have previously been described in the
literature. These include examples of palladium (Pd) NPs possessing different
morphologies,'® gold (Au) nanorods in different aspect ratios,'* Au stars,® iron oxides
(FexOy),® titania nanocrystals (TiO,),'” Au shapes as cubes and octahedral'® and silver
(Ag) triangles.!” Many others have also been well-studied and described.?*>* A key
ambition of nanoscience is therefore to control the synthesis of nanoscaled materials
using efficient and elegant bottom-up approaches, while aiming for a high yield
production in order to implement it in practical applications. By controlling the surface
properties of nanoparticles the assembly of nanostructures to, e.g., dimers on surfaces
or in solution can give rise to new materials, new devices, and new catalysts.?*~°

Arising from this, the following scientific questions are discussed in my thesis: how
can self-assembly of these well studied nanostructures be controlled to create new or
better properties? Can we combine top-down and bottom up approaches to assemble
nanostructures for devices? How can new functions of nanoparticle assemblies be
achieved and analyzed?

In the following I am going to present some general information about metal
nanoparticles, in particular their optical properties, which makes them especially
interesting for nanocluster assemblies. This will include a historical overview, as well
as a comprehensive overview on what has been done to assemble nanoparticle dimers
and why this is such an emerging field of interest. Chapters 2 and 3 describe the work
done to address the scientific questions discussed above by working on different
building blocks, important for the self-assembly, such as the synthesis of molecular
linkers, nanoparticles and their assembly in solution and on the surface. The center
of interest of Chapter 2 lays on the development of special molecular linkers for metal



surfaces and its applications such as biosensors or to study strong coupling effects.
These molecular linkers can be further used for the assembly of nanoparticle dimers as
e.g. described in Chapter 3.1. Chapter 3 focuses on the assembly of dimeric
nanostructures using synthetic molecular linkers, as well as electrostatic interaction
between nanoparticles. Furthermore, the controlled assembly of nanoparticles on
surfaces is discussed.

1.2 Optical Properties of Metal Nanoparticles

Scientist have been fascinated by metal nanoparticles for over more than a century. As
early as the 19" century, the optical properties of colloidal noble metal nanoparticles
(NPs) were studied by Michael Faraday.* It was indeed due to their optical properties,
that metal nanoparticles such as gold (Au) and silver (Ag) were utilized much earlier.
Many famous church windows built during the middle ages, such as the Rayonnant

rose’!

window from Notre-Dame de Paris shown in Figure 2, were vividly colored by
metal nanoparticles. These particles were used because they keep their color without

fading over time.

;¥ 1&&%3‘% -‘3 Q,I 9'

Another example in history is the Roman glass cage cup made in the 4™ century, the
Lycurgus Cup,* also colored by nanoparticles. The cup changes its color whether it’s
illuminated from inside (red) or from the outside (green, Figure 2). The green or red
color can be explained due to scattering and absorbing of either red light (green cup) or
respectively green light due to the nanoparticles dispersed throughout the glass.



CHAPTER 1 - Background

Metal NPs show well understood phenomena like intense light scattering and strong
absorption, which can be used in many applications.?3=3° NPs appear in a certain color
due to the absorption and/or scattering of light. Small Au NP spheres, for example, are
redish, because the blue and green light is absorbed (350-550 nm) but the red light is
transmitted, see Figure 3A. For larger NPs the scattering of light is more dominant and,
the observer therefore sees the light scattered from the nanoparticles.

Figure 3: NPs synthesized in our lab: A) Au NPs of different size and different shape,
B) Ag NPs of different size and different shape.

There is a relationship between the size and absorption in the UV/Vis. If the size of
metal NPs are smaller or comparable with the wavelength of the incident light the
conduction electrons in the metal can be excited to resonant collective oscillation,
which is called localized surface plasmon resonance (LSPR). The electrons are
displaced with respect to the ionic core of the metal, see Figure 4A. The electron cloud
will want to return to its ion lattice due to Coulomb attraction, which causes a harmonic
oscillation. At this resonance the electric field of the plasmonic NPs results in an
enhanced absorption and scattering, which can be measured by the UV -Vis absorption
spectrum of the NP solution, see Figure 4B.

Electric field

A) ‘ ‘ ‘ ‘ ‘ NP B) Au sphere citrate 13 nm
= AU cube CTAC 30 nm
1.0 ~——— Au cube CTAC 90 nm
A - — e
e~ cloud 0,8 4
% 0.6
=
g 0.4
Electric field g cloud
E’I_a::tr‘ic field e cloud m 0,24
A{ Wm\ I { ‘ ‘ [ 0,0

NR wavelength (nm)

KHHW HHHH[ " 4l0 s00 600 700 800 900 1000

transverse plasmon longitudinal plasmon

Figure 4: A) Light of the right wavelength excites the conducting electrons to a
collective oscillation in metal NPs. Schematic visualizes the oscillation of the electron
cloud (LSPR) of NPs and NRs. B) Absorption spectra of different Au based

nanostructures, spheres, cubes, rods of different size, synthesized in our lab.

4



The oscillation, due to the Coulombic attraction, which pulls the electrons back to its
positively charged lattice, is not only influenced by the size, shape, composition,
permittivity of the NP, but also by the local dielectric environment.?® The resulting
LSPR peak can therefore be in the UV-Vis’’ or the near- IR region®® of the
electromagnetic spectrum. As depicted in Figure 4B, larger nanoparticles absorb at a
longer wavelength than small nanoparticles and depending on the shape some special
features can be seen. The rods for example possess two intense surface plasmon
resonance peaks, originated from the long (longitudinal) axis and the short/transverse
axis (see Figure 4B/ blue and green traces). Furthermore, the aspect ratio of the rod
determines the position of the LSPR as well. Anisotropic nanoparticles show therefore
characteristic features in their absorption behavior.

Due to this charge separation at the surface, a strongly enhanced electric field around
the NP is generated. The electron oscillation (LSPR) can also be distributed over several
NPs through interparticle coupling of plasmonic modes, called a collective plasmonic
oscillation, which is strongly dependent on the distance between the NPs, the
surrounding media and the type of metal.’**! NPs positioned close to each other such
as in dimers demonstrate a spectral shift. In this near-field interaction, a coupled
plasmonic mode, influences the electric field around the nanostructure assembly. As a
result of this, the gap between assembled nanoparticles has a highly enhanced electric
field, shown in Figure 5. Dielectric objects can be strongly affected by the localized
electromagnetic field. One can envision many interesting applications, such as photo-
chemistry of molecules,*> thermal processes assisted by plasmons,*’ nanoantenna
behavior,* field enhanced spectroscopy**® including SERS (surface-enhanced Raman
scattering) and many more.

Figure 5: Schematic of the enhanced electric field close to the surface of plasmonic
nanostructures. Sharp corners and gaps between particles show a very strong local
enhancement of the electric field, called hot spot.

Spectroscopic techniques such as cathodeluminescence (electronic)*’ or dark-field
spectroscopy (optical)*® can map the plasmon resonance and visualize the enhanced
fields around the particles or in the gaps. The gaps are called, “hot spots” because of
this enhanced field.



Due to the special optical properties and the chemical inertness of noble metal NPs, a
wide range of applications for plasmonic NPs ranging from photodynamic therapy,
drug delivery, LSPR supported biosensing**-> S1-53
opens up.

Also non optically active NPs themselves could play important roles in many research
fields, as catalysts (Pd, Pt...),>* 3 as a tool to monitor labelled cells in real time by
magnetic resonance tomography (MRT) (Fe304)°® or for monitoring the storage of
hydrogen in hydrogen driven cars with metal hydrides.

or single molecular electronics

The assembly of discrete clusters such as dimeric structures of nanoparticles as well as
metal and non-metal nanoparticles is a very interesting topic. Chapter 1.4 highlights
possible applications of discrete nanoparticle clusters, thus motivating our research
efforts in this field. In order to give a better perspective into the assembly of
nanoparticles, the following chapter presents synthetic methodologies into the
formation of particles and how they are stabilized in solution.



1.3 Synthetic Routes to Nanoparticles

During the last decade the synthesis of various metal NPs with different shapes, sizes
and compositions has been developed and improved. Spheres, stars, cubes, rods and
many others can be synthesized according to known procedures.

Due to the large surface to volume ratio of NPs, resulting in a high surface energy, NPs
tend to aggregate resulting in sintering if not properly stabilized. The stabilization
ideally should occur during the synthesis and the growth process in order to avoid
aggregation. In this way a narrow size distribution of NPs can be achieved
simultaneously. Typical ways of stabilization are maintained through steric or
electrostatic interactions, as depicted in Figure 6.
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Figure 6: Schematic of colloidal NPs stabilized by A) steric and B) electrostatic
interaction.

Steric stabilization, see Figure 6A, can be achieved by employing polymers, surfactants
or long alkanes preventing the particles from sintering. A common way is using
molecules with specific anchoring groups to the corresponding metal. Every metal and
metal oxide has a certain affinity for anchoring groups, for example Au binds almost
covalently (40-50 kcal/mol) to thiols, and even stronger binding occurs with di- or
trithiols.>” Ligands anchored with functionalities such as phosphanes, nitriles,
carboxylic acids and many more are known to be very stable as well, though the Au-
anchor bond for these functional group is not as strong as that found for the Au-S and
most likely not covalent in nature. The binding affinity of the ligand to the metal
nanoparticle decreases following the HSAB principle of Pearson from S > P >N > O.
In this principle most metals are soft acids and form therefore covalent bonds with soft
base ligands such as thiols. Silver (Ag), palladium (Pd), platinum (Pt), copper (Cu),
zinc (Zn) show a similar behavior. Metal oxides like titanium dioxide (TiO,), iron
oxides (FexOy), or oxidized silicon (S10,) however are better stabilized by non-covalent
bonding anchors with oxygen groups like carboxylic acids, phosphoric acids, or
alkoxides. They can, however also be stabilized by very stable covalent bonds, such as
in the case with silicon dioxide stabilized via silanes such as alkyltrichlorosilanes.®’



Electrostatic stabilization, see Figure 6B, can be achieved by Coulomb repulsion
between two neighboring particles charged by adsorbed ions and their counter ions
which form an electrical double layer around the particle. Many metal NPs are typically
stabilized by adsorbed citrate anions, but also other donor molecules such as phosphines
or amines can be used. The double layer depends on temperature and the ionic strength.
It has been assumed that the adsorbed citrate anions on the metal surface show no
interacting with each other, but only electrostatically stabilize the metal NP solution.
However, Shumaker-Parry et al.’® confirmed in recent studies that the citrate anion
adsorbs by the central carboxylate group and further interacts with the adjacent citrate
anions on the surface, forming a 1-D citrate chain. The citrate anions in the chain
interact through Van-der-Waals interaction between CH; moieties but also with
dangling citrate molecules through hydrogen bonds between the terminal carboxylic
acid groups.

Most synthetic procedures of Au NPs are based on the same principle, the reduction of
a metal salt via a reducing agent in the presence of a stabilizing ligand in aqueous or
organic solvent. The particle size and shape depend strongly on the choice of the ligand,
the solvent, the reaction temperature and reaction time, as well as the stoichiometry of
metal, ligand and solvent and pH.* A famous procedure from 1994 is the Brust-
Schiffrin method, used to synthesize small monodisperse Au NPs in organic solvent.
In this, Faraday inspired method, an aqueous solution of gold salt is reduced with
sodium borohydride (NaBH4) in a two-phase system. The gold salt needs to be
transferred to the organic phase using a phase transfer agent like tetraoctyl ammonium
bromide (as a counter ion pair) and is reduced and stabilized in the organic phase via
alkanethiols as ligands.%! The procedure can also be performed in methanol as a
monophasic reaction mixture, and NPs in the size range of 1.5-5 nm can be produced.
Interestingly, the average size can be tuned by changing the ratio between Au and
ligand.%?> This method was varied and improved in many ways. One example is by
Stucky et al.,* who describe the synthesis of “real” monodisperse NPs by using a
weaker reducing agent. Exchanging the reducing agent sodium borohydride with
borane complexes reduces the rate of the reduction of Au** to Au’, resulting in a better
growth control.

Another notable method to produce water soluble Au NPs from as early as 1951 is the
synthetic procedure by Turkevich et al.**% and has been the subject for further
improvements by Frens et al.®®%’ Tetrachloroauric acid (HAuCls) is heated with
trisodium citrate to reduce but also stabilize the particles. By differing the citrate/Au
ratio the size can be tailored.

Silver NPs can be synthesized in similar fashion to the Brust and Turkevich method,
with the precursors silver nitrate or silver acetat and the stabilizers citrate, oleylamine
or dodecanethiol 870



These methods show, that stronger reducing agents such as sodium borohydride tend
to give smaller NPs compared to the use of weaker reducing agents such as citrate.

The mechanism during the formation of nanoparticles is still under discussion, but two
different growth mechanisms have been proposed: growth via diffusion and growth via
coalescence, see Figure 7. SAXS (small angle X-ray scattering) analysis show that
borohydride”! initiates a rapid and complete conversion of Au** into atomic Au’ and
forms gold nuclei, the particle grows via coalescence of nuclei into bigger particles.
Citrate as a reducing agent shows a fast initial formation of small nuclei as well, they
coalesce into bigger particles, followed by growth by diffusion, which is a slow step
due to an ongoing reduction of Au precursor. Finally, Au** is all reduced and a rapidly
growing step finalizes the Au NPs. They grow slowly while the reduction to Au’ is still

ongoing, see Figure 7B.”

ﬂ nucleation growth
» © 00 >
m Au ; Au’
super saturation 1. Step 2. step 3. Step 4, step
au® nucleation growth by slow further fast final
[ e g aggregation growth growth
A S 1
e e [ & &., ‘w
e ¢
Au 3+ . t_

addition of reducing agent
Figure 7: A) Schematic of the nucleation and growth of Au NPs by reducing Au®" to
atomic Au’ with NaBH,. Small particles nucleate and after reaching a certain
concentration of Au’, they start to grow via coalescence. B) Schematic of the growth
of Au NPs by using citrate as a reducing agent. The particles grow while still more
At is reduced. Two different growth modes are seen here, step 2: growth via
coalescence, step 3 and 4 growth via diffusion.

In summary, Au NPs grow in the presence of a strong reducing agent via coalescence,
Figure 7A. Alternatively, Au NP growth while using a weaker reducing agent arises
from coalescence/aggregation first (Figure 7B steps 1-3) but later by diffusion (Figure
7B step 4).7

In addition to sodium citrate and borohydride many other reducing agents such as
potassium tartrate can be used to produce nanoparticles. Furthermore, organic solvents
such as DMF can reduce Ag”/Au®" to Ag’/Au’ thus forming NPs, however this

approach usually requires higher reaction temperatures.’*7¢

The synthetic routes described so far lead to “monodisperse” spherical NPs. Other
shaped particles can be formed, by using for example surfactants such as ammonium
salts. Around 2000, the first wet chemical method by seeded growth synthesis by Jana,
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Murphy, El-Sayed, and others was developed to produce Au nanorods.””-”® In order to
get shaped NPs such as stars, rods, cubes, octahedral and many more, most synthetic
procedures are now using surfactant molecules. These form micellar structures through
self-assembly, when they are dissolved in water above their critical micelle
concentration (¢cmc).” Furthermore, small organic molecules or counter ions such as
iodide or bromide adsorb selectively on special planes of the growing particle and direct
the synthesis of the noble metal NP; they induce symmetry breaking steps.®’ The size
and the shape is controlled by the nucleation growth kinetics and also by the type of
formed micelles, e.g. rodlike micelle templates result in high-quality anisotropic
nanorods.®!

In order to synthesize shaped NPs in CTAB (cetyltrimethyl ammonium bromide) for
example, often a seed-mediated growth in aqueous solution is used. The seeds can be
small citrate seeds, as synthesized by Turkevich et al.®® or small CTAB covered NPs.*?
Typically, the seeds are added to the growth solution containing additional Au salt and
a weak reducing agent such as ascorbic acid, plus some extra agents (ions or small
molecules) to direct the growth. Ascorbic acid as a reducing agent is widely used, since
it is too weak to reduce freely dissolved gold salts from Au*" to Au’, and hence no new
nuclei can be formed.

CTAB is the most widely used stabilizing and form-giving surfactant in recent years.
CTAB builds very dense double layers and is therefore a suitable stabilizing agent for
metal nanoparticles. It forms 6 nm spherical micelles in a >1 mM solution, cylindrical
micelles at > 20 mM solution or elongated rodlike micelles by using organic
solubilizers.?!** Nanorods, for example are favored when one is reaching the second
cmc at very high CTAB concentrations and CTAB can therefore act as a soft template
for the formation of Au nanorods.®* Furthermore, temperature influences micelle
assembly, since micelle formation and shape is temperature sensitive as well.

Many proposed growth mechanisms of shaped particles, e.g. rods, suggest a preferential
interaction of the surfactant with specific crystallographic facets, e.g. along the side of
the rod. This allows growth of the particle in the micelle at the ends of the rods and less
on its sides.®> Furthermore, it is suggested that the counter ion bromide (Br) has a strong
influence on the shape of the NP as well. One theory about the growth mechanism for
Au nanorods suggests, that CTAB adsorbs to the side of the rod on its [100] and [110]
facet via chemisorbed bromide counterions, so the growth is promoted at the ends.®
Another interpretation by Liz-Marzan et al. describes the AuCly ion displacing Br~ ions
on the growing particle surface, followed by the binding of CTA" ions, which then form
the micelle. AuCly ions are then reduced to AuCl,™ at the micelle surface, meaning that
the micelle determines the growth at different rod facets.*
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To form an even more densely packed CTAB double layer, silver nitrate (AgNO3) is
often added to the reaction to reduce the repulsion between adjacent ammonium head
groups of CTAB, see Figure 8.3 However, it might also be that the deposition of AgBr
(Br originated from CTAB) on specific facets of the rods directs the growth, due to a
more rapid incorporation of gold on less hindered facets.®> Another theory suggests,
that a silver monolayer protects the [110] facets.®’
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Figure 8: CTAB double layer stabilizing growing Au nanorod. Synthesis in the presence
of AgBr.

In conclusion, it seems that additives can have an impact on the bilayer formation and
their influence is promoting or inhibiting the adsorption and growth along specific
facets and therefore in specific dimensions, even though rods were traditionally
produced without additives. Vaia et al.®® followed each growth step and even goes as
far as to rationalize the formation of different type of rods, such as with a dumbbell
profile, flattened end facets or octagonal prismatic structures.®

Other nanoparticles with interesting shapes derived from different metals have been
prepared in a similar manner. For instance, palladium NPs can be synthesized by
reducing a palladium salt (PdCl, which forms H,PdCls by adding HCI to the salt to
solubilize the insoluble PdCl,) with ascorbic acid in the presence of CTAB at elevated
temperature.®® These small cubic seeds can be grown by seed-mediated growth in
CTAB, H,PdCl; and different amounts of potassium iodide (KI) with different
temperatures to bigger cubes, truncated cubes, octahedral crystals, rhombic
dodecahedrals and others possessing a variety of palladium facets. '

Besides the prominent stabilizing ligand CTAB being used to form shaped NPs, other
stabilizers such as PVP (poly(vinylpyrrolidone)) are also often used. PVP can itself act
as a reducing agent and at the same time regulate the size of the synthesized particles,
as a stabilizing agent.”* For example, Ag rods from its precursor silver nitrate (AgNO3)
can be synthesized in PVP.? It is thought that the lone-pair electrons on the oxygen of
enol form of PVP oxidize Au** to Au’ atoms in water by forming an Au-O-C bond in a
polymer-metal coordination complex. Furthermore, high temperature reactions with

DMF as a reducing agent can form shaped nanoparticles at high temperatures as well.+
76,91
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Figure 9 shows a few examples of shaped nanoparticles synthesized during my PhD.

Figure 9: Synthesized shaped Au NPs stabilized with CTAB/C,'® A) Au cubes in CTAC;
B) high aspect ratio Au rods in CTAB;**® C) low aspect ratio Au rods in CTAB,” D)
Au stars surfactant free*®’ (synthesized according to known procedures).Scale bars
from A) to D) are 50 nm, 100 nm, 20 nm and 50 nm.

As described above, most NPs are synthesized with a stabilizing ligand. These, often
chemisorbed, ligands on nanoparticle surfaces can be exchanged by others with either
stronger surface interactions or a competitive ligand present in higher concentrations in
the surrounding medium.”? Even the strongly covalently bound thiol ligands on Au
surfaces are labile and thus capable of undergoing exchange, shown by Rotello ef al. in
2000.%° This makes it possible to functionalize NPs with other molecules of interest, be
it to obtain greater solubility or introduce additional function. The most facile being the
exchange of NPs stabilized by citrate, since citrate is a relatively weak stabilizer due to
its low affinity for the Au surface and can be exchanged with e.g. thiols, which bind
much more strongly to Au.”*?> Conversely, it is difficult to effect exchange of thiols.
Yet monovalent ligands are still dynamic and exchangeable by exposing the NPs to
competing ligands in higher concentrations or by introducing stronger ligands such as
multivalent thiols.”® For a long time CTAB was considered a very difficult stabilizer to
exchange, since it forms a stable bilayer around its particles due to Van-der-Waals
interactions between the long alkane chains. Destabilization of the bilayer can occur
when subjecting these nanoparticles to different solvents such as acetonitrile,”’ or iso-
propanol or reducing the CTAB concentration drastically, however, most CTAB
covered nanostructures can be further functionalized in different ways.”® CTAB
stabilized NPs are toxic to biological cells and denature proteins, therefore development

of methods in post functionalization is of great interest for biological applications.”1%!

More elaborate tailor made ligands to connect particles with each other or surfaces are
subject to our research interest. Chapter 1.4 will feature examples what has been done
historically in the assembly of nanoparticles into discrete clusters using ligands,
electrostatic interactions or surfaces to achieve this goal.
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1.4 Self-Assembly

Self-Assembly describes the ability to form organized structures out of disordered
systems without external guidance.'” Indeed, many processes in biology rely on
molecular self-assembly, via Van-der Waals interactions, hydrophobic interactions and
hydrogen bonding. Peptides, proteins and nucleic acids fold via self-assembly,
membranes are formed by the assembly of lipid bilayers, nanoscale motions like those
found in myosine are made possible due to the self-assembly of small complexes.
Nature gave us these tools which are capable of assembling and disassembling when
required without human intervention. Chemists try to mimic this behavior by
synthesizing molecules, which reversibly bind their counterpart in a specific way, and
this field in chemistry has been called supramolecular chemistry. Here, relatively weak
non-covalent interactions such as metal coordination, Van-der-Waals forces, m-m-
interactions, hydrogen bonding or electrostatic interactions are used to assemble
molecules to form vesicles, liquid crystals, Langmuir films and many more organized
macrostructures. Very notable examples of supramolecular chemistry include the so-
called catenanes and rotaxanes which were pioneered by Stoddart er al..*!* These are
macrocyclic rings looped around linear or other macrocyclic structures, see Figure
10A+B. Other examples include the formation of grids by Jean Marie Lehn et al.,'® in
which metal-ligand interactions are used to form grid like structures, (Figure 10C). Sir
J. Fraser Stoddart even won the Nobel Prize in chemistry together with Jean-Pierre
Sauvage and Bernard L. Feringa for the design and synthesis of molecular machines in
2016, as well as Jean-Marie Lehn together with Donald J. Cram and Charles J. Pederson
in 1987 for their development and use of molecules with structure-specific interaction
of high selectivity.
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Figure 10: Supramolecular Chemistry, A) Stoddards Olympiaden, B) Dumbbell-shaped
rotaxanes,(These photo are reproduced from a web page, reprinted with permission
from reference® 1998 John Wiley & Sons;) C) metallo grids from planar polytopic
organic ligands coordinating metals. (Reprinted with permission from reference'*
©2011 NZIC)
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In the field of single molecule electronics, the self-assembly of organic molecules onto
metal surfaces is a main process to connect molecules of interest with, for example
electrodes for the purpose of investigating conductivity through organic bridging units.
In a famous example by Weiss et al.!® in 1996, a tunneling current though a 7-
conjugated single conducting molecule was measured using an STM tip. The molecule
protrudes from a self-assembled monolayer (SAM) consisting of an ensemble of non-

conductive molecules, see Figure 11.
STM tip
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Figure 11: STM measures the tunneling current of a single conducting molecule in a
mixed SAM layer on Au.

As nanoscale building blocks, nanoparticles are particularly interesting candidates for
self-assembly, especially due to their interesting catalytic and electronic properties. The
combination of nanoparticles of the same type (chemical composition, size, and shape)
but also of different types pose interesting scenarios for this research field. The
following paragraph will describe the assembly of nanoparticles to form bigger
constructs, which can be used for example for plasmonic sensing, or to form a protein
transistor. Examples such as these motivate our research interest in nanoparticle
assembly.

We are particularly interested in the assembly of NPs into discrete well defined units.
It is envisaged that this can be reached via different approaches such as electrostatic
interactions or with molecular linkers, (Figure 12).

‘ e aggregation kinetics
o / electrostatic
DNA
‘ Organic molecules

molecular linkers

Figure 12: Schematic of the assembly of NPs via electrostatic interactions or with
molecular linker molecules.
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The assembly of Au NPs to discrete clusters by controlling the kinetics of aggregation
caused by electrostatic interaction has already described by Turkevich ef al.% in 1963.
They studied the assembly of 20 nm citrate covered Au NPs by varying the salt
concentration in solution, which allows the negatively charged particles to get closer to
each other, or by changing the ratio between positively and negatively charged particles
and/or playing with the coagulation times, they managed to control the assembly to
aggregated NPs. They were able to achieve linear aggregates (see Figure 13A), when
the repulsion of the negatively charged NPs was reduced in low ionic strength by partly
neutralizing the surface charge. This early example of fine-tuning the balance between
Van-der-Waals interactions of the particles and their electrostatic interaction through
the charged ligand can be improved using more specific interactions, as shown in
nature, using DNA and its complementary recognition features. Some pioneering work
was demonstrated by Alivisatos et al.!% and also by Mirkin et al.'"” around 1995, see
Figure 13B, where complementary DNA strands are used to form NP assemblies.
Furthermore, synthetic polymers can be used, as for example Rotello et al.'® describes
in 2000. Nanoparticles shrouded in non-polar alkane thiols have been subjected to place
exchange with small amounts of thiols bearing functional units capable of forming
strong hydrogen bonds with partnering thiolated nanoparticles bearing small amounts
of reciprocated hydrogen bonding units (diaminotriazine-thymine).

Larger nanoconstructs were made in 2009 by the Alivisatos'® group such as pyramids
using DNA as a specific template to arrange NPs, see Figure 13C.
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Figure 13: A) Linear aggregates of Au NPs via electrostatic and van-der Waals
interactions (Reprinted with permission from reference® © 1963 American Chemical
Society) B) specific interactions using DNA to assemble NPs(Reprinted with permission
from reference'”’ ©1998 American Chemical Society); C) Discrete pyramids of DNA
assembling Au NPs (Reprinted with permission from reference'® © 2008 American
Chemical Society).

Our group is interested in the assembly of smaller structures, especially dimeric
clusters, therefore in the following the focus will be more on what has been done to
produce dimers.
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14.1 Assembly of Discrete NP dimers

Au dimers were assembled by using DNA as a molecular linker as early as 1999 by
Alivisatos and Schultz et al.''?, see Figure 14. These structures are very interesting in
terms of plasmonic applications, since they should have the so called hot-spot between
the NPs and can be used for all types of plasmonic applications. Complementary
sequences of single strand DNA (ssDNA) on each particle were used to selectively find
each other. By modifying the length of the ssDNA the spacing between the NPs can be
varied. DNA is flexible and can bend, which makes it difficult to assemble reproducibly
dimers with the same fixed distance between the NPs.!'? A few years later, in 2002, the
same group could reach dimeric NPs with 80% yield by purifying the crude product
with electrophoresis, but it was important here to have mono-functionalized NPs (only
one DNA strand per NP) to obtain dimers with this approach.'!

1

30 nm

Figure 14: Dimeric Au NP assembly via DNA. (Reprinted with permission from
reference''’ ©1999 John Wiley and Sons)

Besides DNA, rigid organic molecules can be utilized to assemble NP dimers and these
can overcome the issue of the varied spacing between the NPs. Highly m- conjugated
phenyl-acetylenes could be used as bridging units, see Figure 15, leading to a yield of

30% of dimeric structures.!!?
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Figure 15:4) Rigid phenyl-acetylenes to build dimers (PA 1) and trimers (PA II); B)
TEM images of PA [ bridges Au dimers. (Reprinted with permission from
referencel 00©1999 John Wiley and Sons)

Another noteworthy example from Bar-Joseph et al.’! in 2003, is the use of thiolated
conjugated organic molecules such as 4,4"-biphenyldithiol (BPD, fully conjugated),
bis-(4-mercaptophenyl)-ether (BPE, conjugation broken in the center by the oxygen of
the ether) and 1,4-benzenedimethanethiol (BDMT, broken conjugation near the contact
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to the electrode) to measure differences in conductivity of a single molecule through an
Au dimer, see Figure 16A. The dimers were obtained in a 50% yield, by using a large
excess of Au NPs relative to the linker molecule.

A wide range of bifunctional molecules such as dithiols have been used to obtain NP
dimers. Bjernholm et al.''® used polyethylene glycol dithiol to combine Au seeds,
which grow as dimers to linked Au nanorods. This appears to be an interesting way of
integrating single-molecule linked nanoclusters in electronic devices. Another method
1s to mix two ligands, such as 4,4 -biphenyldithiol and ®-mercapto-alkanoic acid, to
obtain dimers. The second linker, m-mercapto-alkanoic acid, helped reducing the
repulsion between two negatively charged citrate Au NPs.!!#

Mayor et al.!'>!1® were able to obtain “real” monofunctionalized Au dimers, by using
a dendrimer, which wrap around one single Au NP, and bearing only one linker moiety.
The linker is an acetylene, which undergoes dimerization via a copper catalyzed
homocoupling and forms in this way the molecular bridge, see Figure 16B.
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Figure 16: A) a)Structure of the molecules BDMT, BPD, BPE .; b) schematic of Dimer
on electrode, b-f) TEM images of the dimers consisting of 50 nm Au; (Reprinted with
permission from reference®© 2005 Nature Publishing Group) B) Schematic on
forming monofunctionalized Au dimers by encapsulating them with a dendrimer.

N
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(Reprinted with permission from reference''® ©2012 American Chemical Society)

The use of DNA as a molecular linkers is still prominent, as in the group of Bidault
who uses it to study the optical properties of dimers, its application in SERS, or to learn
about the distance dependency of dimeric structures and many more.!'”"1" Also Kuang
et al.'® presented a mercury (IT) sensor using SERS from DNA conjugated nanostars.

Another approach to form dimers is to asymmetrically functionalize NPs by
immobilizing one part of the NP on a surface and functionalizing the other half. Sardar
et al.'*' reported the formation of dimers, due to immobilizing Au NPs on amine
functionalized glass surfaces. The immobilized Au particles could be further
functionalized with active linker molecules on the Au surface opposite of the glass and
finally removed by sonication while a passivating thiol ligand (e.g. a thiol alkanol) is
present to cover the newly generated naked NP side, see Figure 17. This so called Janus
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NP can then react in solution with a second NP, prepared in the same manner but with
a complementary functionality on the other Janus NP capable for instance of hydrogen
bonding, e.g. carboxylic acid and amine, and form dimers see Figure 17.

A very similar study was published in 2011, which focused on the use of multivalent
ligands. As mentioned earlier, especially monovalent thiol linkers are dynamic and
therefore the asymmetric structure generated on the NP (Janus particle) might not be
that stable. The authors mention that multivalent ligands are less dynamic and can keep
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Figure 17: Au NP dimers due to asymmetric functionalization of the NPs on the surface.
(Reprinted with permission from reference'*' © 2007 American Chemical Society)

the locally confine functionalization better. Monovalent thiols might get exchanged or
move on the surface and the regioselective functionalization might be lost. Here NP
dimers were formed by a complementary regioselective functionalization with N-
hydroxysuccinimide esters and amino functionalities, see Figure 18.!2

plementary regioselective
"~ functionalized particle

; . E Regioselective t 5c‘—“m
functionalized particle n

Figure 18: Formation of Au NP dimers via the binding of citrate Au NPs on amino
silanized glass, the functionalization of the NPs with trivalent thiol ligands on the
opposite site of the glass, isolating the NP off the glass with a specific functionalized
linker and combine it in solution with a complementary regioselective functionalized
particle to form dimers. (Reprinted with permission from reference'*© 2011 American
Chemical Society)

nanoparticle

18



By using bigger NPs (<50 nm), the risk of generating larger clusters of NPs than dimers
increases, due to a higher degree of functionalization of ligands with linking units and
therefore binding area, as shown by Yoon et al.'?, see Figure 19C. They prepare
dimers with a 90% yield, by forming them directly on the surface by using a similar
way as described before (see Figure 19A). Amino silane functionalized glass captures
Au citrate NPs, the glass is desilanized to prevent the binding of a second citrate Au
NP on the surface. The first NP is functionalized with a dithiol based molecular linker
to bind specifically on top of it with a second NP, see Figure 19A-C.
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Figure 19: A) Schematic of the assembly: A amine functionalized glass surface
captures Au NPs, the glass is desilanized, the Au NP functionalized with a dithiol
which binds a second NP; B)a) SEM, b)TEM, c) yields, d) scattering spectra of Au
(25 nm each) dimers linked by 1,8-octanedithiol; C) SEM of a Au (50 nm)- Au (12 nm)
core-satellite assembly; (Reprinted with permission from reference'” © 2014
American Chemical Society) D) SEM of a Au cube-Au sphere (Reprinted with
permission from reference °’ © 2015 American Chemical Society).

In a follow up paper,”” they follow step 1 and 2 as depicted above, immobilizing citrate
Au NPs, but bind CTAB covered (positively charged) cubic particles as the second
particle on the surface, see Figure 19D, heterodimers of cubes and spheres. The
desilanization step (step 3, NaOH) is skipped, to keep the positive charge of the amine
group on the surface, so that the positively charged CTAB particles are repelled and
bind just specifically via the molecular linker on the first NP to the particle. The solvent
acetonitrile can be used in the assembly to disintegrate the CTAB bilayer
regioselectively on the vertices and edges, which results in binding of the molecular
linker at the edges and connects them to the spheres on the glass surface.’’

19



1.4.2 Purification of Assembled Structures

As described above, dimers can be assembled in numerous ways, either electrostatically
or with molecular linkers, symmetrically in solution or asymmetrically on surfaces. If
not produced on a surface, a purification method is usually required, to obtain a quality
sample of dimers.

Electrostatics is used to assemble NPs seen in a report of Chen et al.'** They fine-tune
the electrostatic interaction by inducing aggregation upon the addition of HCI. In order
to purify the assemblies, they need to be stabilized by isolating them in a diblock
copolymer (polystyreneiss-block- poly(acrylic acid)so)(PSPAA) in DMF/H»O. Prior to
the encapsulation a thiol-ended hydrophobic ligand is used to bind on the citrate Au
NPs to allow the particles to connect with the diblock copolymer. By using a CsCl
solution gradient to microcentrifuge the assembly, a high purity of discrete
nanoaggregates (95%) can be separated in well resolved bands containing single
particles, dimers or trimers, see Figure 20. This method of purification is called
differential centrifugation and used in different forms by other groups as well.
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Figure 20: A) Differential centrifugation in 62% and 11% CsCIl and encapsulated Au-
NPs in PSPAA, B) TEM image of the fraction b2 resulting in dimers (Reprinted with
permission from reference'** © American Chemical Society).

A similar method was described by Whitesides et a/.'?® in 2012, which is based on a
density gradient centrifugation. They demonstrate the separation of nanoparticles of
different shapes and sizes without applying high ionic strength unlike the method by
Chen et al.'** with CsCl and therefore the need to encapsulate them, stabilize them
within a polymer dispersion is omitted. Here, a three phase system consisting of
molecules and polymers (such as sucrose, Ficoll, Brij) with different densities, can
separate rods from nanospheres and larger particles, which are products from a Au
nanorod synthesis. This zonal centrifugation uses the differences in hydrodynamic
behavior to separate the different particles. Three different zones with three different
viscosities in the same medium are layered on top of each other, to collect NP in narrow
regions according to their hydrodynamic behavior.

Another successful purification method, which has been widely used, since the first
dimers were reported, is gel electrophoresis. Here, charged NPs migrate in a gel under
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the influence of an electric field. Depending on the size and the charge of the NPs the
migration behavior differs and can therefore be separated. By using ssDNA to assemble
nanoparticle dimers, Alivisatos et al.!'! managed to separate dimers with
electrophoresis, already in 2002. The group of Bidault also extensively employs
electrophoresis to separate assembled dimers from other aggregates. In 2012 they
presented a 90% yield in DNA assembled dimers, which can reversibly switch the
interparticle distance. They do so by using a DNA template with a loop, which folds by
itself forming a small gap between the dimeric particles, or the DNA loop hybridizes
with additional DNA strands in the surrounding to achieve a big gap in between the
NPSII8

143 Assembly of Heterodimeric Structures

Most of the aforementioned instances, are concerned with the assembly of homodimers,
more specifically of Au NPs due to their inertness, optical properties and the wide range
of possible applications. Nevertheless, Ag NPs have also been used to form dimers,
despite greater oxidative sensitivity. They show a very similar surface chemistry to Au
and can be treated in much the same way. Therefore, Au-Ag or Ag-Ag dimers are often
produced in the same manner as described above.

The assembly of heterodimers between metal and metal oxides have not been
extensively studied, since their surface chemistry is very different and other methods
must be used to assemble them, as opposed to the described “simple” electrostatic
approach or using molecules such as dithiols as linkers. Despite these challenges, some
examples have been reported.

Crut et al.* reported the assembly of hybrid nanoclusters between Au NPs and core
shell Ag@SiO, NPs, see Figure 21D. The Ag@SiO, NPs were positively charged
through polyelectrolytes and interact electrostatically with the negatively charged Au
NPs. Au-TiO, NPs were assembled by Chen et al.'?® by transforming hexanethiolated
Au NPs in toluene into Janus particles using a water surface with hydrophilic ligands
on a Langmuir-Blodgett trough. The hydroxyl functional groups of the NPs were used
as anchoring groups to grow TiO» NPs in a sol-gel process. Chen et al.'?’ used
nanoscopic phase separation of different metals to form dimers, see Figure 21A.
Pietryga et al.'”® showed a general way to assemble quantum dot-dielectric-metal
hybrids. A silicon shell on top of the metal structure is used to attract the quantum dots,
see Figure 21B. Zhang et al.'* present the synthesis of Au nanorods on AgCdSe seeds,
see Figure 21C.

21



CHAPTER 1 - Background
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Figure 21: A) Nanoscopic phase separation to form Au-Ag hybrid nanoclusters
(Reprinted with permission from reference'*’ © 2012 American Chemical Society); B)
Quantum dots on Au structures via a silicon shell (Reprinted with permission from
reference'*® © 2012 American Chemical Society); C) AgCdSe —Au hybrids (Reprinted
with permission from reference'® © 2012 American Chemical Society); D) Au-
Ag@SiO> hybrid materials (Reprinted with permission from reference®® © 2013
American Chemical Society).

This quick overview demonstrates, that there exist examples of heterodimer assemblies,
however these have not been studied to the same extent as the homodimers and are not
as straight forward to achieve and/or applicable to a broad spectrum of particles.

The assembly of homo- and heterodimers is still a growing field, with room for

improvement. Further homo-and heterodimers have many possible applications, as
described in Chapter 1.5, making these topics relevant for us to work on as well.
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1.5 Applications of nanostructured clusters

The special optical properties of metal NPs, on the account of their very specific
localized surface plasmon resonance (LSPR), introduced in Chapter 1.2, give rise to a
wide range of applications, such as imaging and detection in the fields of biology and
medicine,3%13! or even catalysis.!*> To quickly reiterate, the LSPR depends on the
dielectric property of the surrounding of the NPs as well as their composition, size and
shape. Furthermore, by combining two NPs a red shift of the LSPR is expected as well
as a change in the peak appearance. The electrical field in the gap, hot spot, is expected
to be enhanced. These specific features of the LSPR allow us the use of plasmonic NPs
for many applications. By varying the composition, the size, the shape of the NPs and/or
by putting e.g. molecules in the hot spot between two NPs, the LSPR changes or gives
an amplifying effect in for example the Raman signal of molecules, the absorption, the
catalysis of reactions and many more.

A change in the surrounding medium can be detected by the plasmonic particle, or
better by its LSPR. This property can be used for indirect nanoplasmonic sensing,
which is schematically shown in Figure 22. Some metal NPs such as Pd don’t have a
strong LSPR signal and a reaction on their surface, for instance hydride formation
(PdH), coming about from hydrogen absorption onto Pd NP, expands the lattice of the
palladium and changes its volume, can barely be seen in the scattering spectra, Figure
22A. By placing another metal with a strong LSPR signal in the close proximity of the
Pd NP, such as Au, which is sensitive to its surroundings, allows the hydride formation
on a Pd NP to be probed by examining the LSPR shift (AL) of the plasmonic NP, see
Figure 22B.27’41’133’134
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Figure 22: Schematic of indirect sensing of hydrogen by a Au nanostructures, A)
Hydrogen molecules and hydrogen atoms (red) absorb on palladium, which induces a
little shift in the scattering spectrum,; B) Hydrogen sensing by a resonant antenna-
enhanced scheme. Pd NP placed at the nanofocus of a gold antenna; scattering spectra
shows strong resonance shift (A1) a lot, due to the change in the dielectric function
(Reprinted with permission from reference'>® © 2011 Nature Publishing Group).

These nanostructures can be on top or side-by-side and manufactured in different ways
such as double electron-beam lithography in a combination with a double lift-off
procedure,'* or by hole-mask colloidal lithography,'** see Figure 23. Our work (paper
VII) describes a new approach to achieve this indirect sensing of hydrogen absorbed
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onto Pd NPs with dimers assembled in solution on a single particle level, see details in
Chapter 3.1.2.

Plasmonic shifts of dimeric structures depend strongly on the distance between the
particles, which allows the use of dimers as plasmonic rulers. This principle makes it
possible to measure biomolecular distances,'*>!3 or to detect molecules, for example.
molecular linkers between dimers, which can change conformation on the account of
binding."’
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Figure 23: A) ESEM image and schematic depiction of an approx. 40 nm high
truncated Au nanocone with a nominal base diameter of 105 nm, covered by a 15 nm
SiO; spacer layer and a Pd particle with the dimensions of 75 nm x 15 nm on the tip
(Reprinted with permission from reference'** © 2011 John Wiley and Sons); B) SEM
image schematic of a single palladium- Au antenna (Reprinted with permission from
reference'3® © 2011 Nature Publishing Group).

The enhanced field in a gap makes NP dimers suitable as optical antennas, for coupling
light to molecules. This can enhance the Raman signal from adsorbed molecules, which
allows even single-molecule sensitivity.!**!3° The fluorescence,'*’ absorption,'*! light-
harvesting properties in dye-sensitized solar cells,'*? and other properties can also be
enhanced due to the strong electromagnetic field.

By combining two or more materials, the selectivity as well as the activity of a catalyst
can be increased compared to the pure catalytic compound.!'**-'4¢ The assembly of
heterodimeric structures is undoubtedly a growing field.

Finally, I want to mention the assembly of proto-devices with single molecules based
on colloidal nanoparticles, which is a big topic in single molecular electronics. Some
examples were already mentioned earlier, such as Bar-Joseph et al. ', which is one of
the first examples in this field at all, in which they studied differences in conductivity
of molecules between a dimer; or an example from Bjernholm et al.!'3, in which
assembled nanorod dimers were placed between electrodes. In addition, more advanced
structures based on antibodies can be used to connect to gold nanoparticles and form a
“protein transistor”, see Figure 24.'47
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CHAPTER 1 - Background
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Figure 24: a) Au dimers are connected by a IgG antibody, which also binds a quantum
dot (left) or Au monomer binds the antibody and its conjugated quantum dot (right), b)

schematic of the protein transistor (Reprinted with permission from reference'*’ ©
2012 Nature Publishing Group).

Single molecular electronics is a growing field and requires exactly the discussed
dimeric structures, and there is a need for improvement in terms of yields,
reproducibility and, monodispersity of the particles, and a universal accessibility.

1.6 Thesis Outline

The background chapter visualizes the complexity of the assembly of nanoparticles,
either in solution or on surfaces. Many building blocks are involved here, such as the
synthesis of the nanoparticles and its stability, the formation of dimeric structures and
its purification in order to achieve high purity samples. Additionally, the synthesis of
the molecules binding to different type of materials for the assembly of discrete clusters
as well as allowing such particles to assemble on surfaces are a key focal point of this
thesis. Furthermore, the functionality of the assembled structures needs to be proven to
enable the system to be used for certain purposes.

Many of the discussed issues are kept in mind in our research questions: how can self-
assembly of these well studied nanostructures be controlled to create new or better
properties? Can we combine top-down and bottom up approaches to assemble
nanostructures for devices? How can new functions of nanoparticle assemblies be
achieved and analyzed?

The following Chapter 2 and 3 describe the synthesis of linker molecules,
nanoparticles, the assembly of dimeric nanostructure clusters as well as its usage for
biosensing, as well as a hydrogen sensor.
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Design of Molecular Linker for Metal Nanostructures

From Synthesis to Application

2.1 Molecular Linker

Molecular linkers are an important tool for the self-assembly of NPs on metal surfaces
or for the assembly of discrete NP clusters. As described in Chapter 1, each type of
metal surface shows a different affinity for specific anchoring groups, e.g. Au forms
strong covalent bonds with thiol anchors. Both, functional gold surfaces and Au NPs
hold interest in many applications, such as electronics or the field of plasmonics, and
in these instances mostly thiol based anchor groups are used. Self-assembled
monolayers (SAMs) are widely used in for example STM measurements (see Figure
11) to measure e.g. the conductance of a single molecule. Conductivity has been
measured on single molecules in SAMs and for that matter also in break junction but
placing between the NPs may allow for the possibility of arranging these units in an
ordered ensemble for a device by for example the aid of lithography. The ability of
these molecular linkers to assemble on surface but also connect NPs to it or connect
NPs with each other, makes them an import tool for our work.

@ un?

Figure 25: Schematic summary of this Chapter, visualizing the use of different
molecular linker molecules for metal surfaces and nanoparticles.

In this chapter I am going to introduce some interesting linker molecules that we
synthesized in order to answer several unanswered questions in the field of coordination
chemistry (Chapter 2.1.1.) and the strong coupling between NP plasmons and organic
dyes (Chapter 2.1.2.) giving rise to changes in the optical properties. Furthermore, we
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demonstrate the application of a photo-labile molecular linker for biosensing (Chapter
2.2.1.), as well as the development of new, very specific molecular linkers for photo
induced reactions (Chapter 2.2.2.), see Figure 25.

2.1.1 Terpyridine Linker assembled on Surfaces to Measure
the Strength of its Complexes with Heavy Metals (paper Il)

The nature of metal-ligand interactions is a fundamental aspect of coordination
chemistry, which became a rapidly growing field around 1890.'%%!%° Interestingly,
transition metal complexes play a big role in chemistry, biochemistry, protein science
and catalysis.'* The character of a bond between a transition metals and neutral ligands
is a so called coordinative bond, which is mostly a dipolar, covalent bond or a dative
covalent bond. The full understanding of electronic interactions between ligand and
metal is complex and still is the subject of many investigations. Therefore in fact, the
study of ligand substitution reactions is an important aspect of transition metal
complexes and especially pertinent to the field of catalysis. This is notable in palladium
catalyzed C-C bond forming reactions such as Sonogashira, Suzuki, Stille, Heck and in
the case of nickel, Kumada reaction, just to mention a few examples. Most experimental
work about the kinetics of the association/dissociation of metal complexes as well as
their energies and enthalpies are done by ensemble measurements of a host of
molecules. This work was therefore instead focused on determining the strength of a
metal-ligand complex coordination by measuring a single metal-ligand interaction.

For this interdisciplinary study, the design of a molecular linker, which has a greater
metal linker interaction than the coordinative bonding force of a transition metal
complex, was required. This would allow to study the strength of the coordinative bond.
The design of the molecular linker also needs to be equipped with functionality to bind
to a gold surface, by e.g. a thiol group, which has a bonding force to Au of around 2 nN,

and furthermore coordinate a metal ion of interest.!3%!3!
_-—
AFM tip #

1 AFM tip

i § /
Au[lll)/ Au (111)

Figure 26: Schematic of the study of the coordinative bonding force of a transition
metal complex; molecular linker binding on Au surface or on a gold tip.

28



The idea was to use an electrochemically controlled atomic force microscope (EC
AFM) to analyze the single molecule force, see Figure 26.

A N-heterocycle, 2,2°:6'2 'terpyridine, seemed to be a great candidate here.
Terpyridine shows a high affinity towards transition metal ions. Therefore, a terpyridine
with a thiol anchor moiety (compound 3) was synthesized, by the following procedure:

o}
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Scheme 1: Synthesis of the terpyridine thiol anchor. A) NaH, DME, reflux, 6 h; b)EtOH,
NH Ac, reflux, 1 h; c) S-(6-bromohexyl)ethanethioate, K>CO3, DMF, 70°C, 12 h.208

Firstly, acetone reacts in a two-fold Claisen condensation reaction with ethyl picolinate.
The Claisen reaction results in the formation of a new carbon-carbon bond by reacting
two esters or as here an ester and another carbonyl compound, such as a keton. After
the deprotonation of the acetone in the presence of a strong base, sodium hydride
(NaH), the carbanion (keto-enol tautomer) can react with the electrophilic ester of ethyl
picolinate, firstly giving a tetrahedral intermediate followed by the expulsion of
ethoxide leaving group. Ethoxide acts as to deprotonate this intermediate and facilitate
the attack on a second ethyl picolinate, see Scheme 2, to form a dipyridine triketone,
compound 1.

Scheme 2: Reaction mechanism for the formation of terpyridine, part A. Claisen
reaction between ethyl picolinate and acetone.

Compound 1 can react two times with ammonium acetate (from the equilibrium
between ammonium acetate and ammonia and acetic acid) via a nucleophilic attack of
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the ammonia to a terpyridine unit, compound 2, see Scheme 3, similar to the Hantzsch
pyridine synthesis.!> Firstly, ammonia can condense with the ketone and the acetic acid
assist with the proton transfer giving an imine/iminium which can tautomerize to give
the enamine. The driving force is the formation of an extended m conjugated system in
the enamine form. The lone pair nitrogen can facilitate an intramolecular condensation
resulting in the formation of the heterocycle, pyrodinone, compound 3.

During the first nucleophilic attack one carbonyl is transformed into an imine, which is
in an equilibrium with its enamine (imine-enamine tautomer), and the carbonyl is
eliminated by condensation. This ester enamine reacts intramolecularly with the other
ketone and forms the terpyridine under condensation.

Scheme 3: Reaction mechanism for the formation of terpyridine, part B. According to
Hantzsch pyridine synthesis, formation of a pyridine out of a diketone.

The final step, shown in Scheme 1, involves the attachment of the anchoring group
through the oxygen atom to the terpyridine. This can be made possible by subjecting
the pyridinone with base, deprotonating the amine. The negative charge is delocalized
sharing the charge with the oxygen atom, which is then capable of behaving as a
nucleophile with S-(6-bromohexyl) ethanethioate in an SN» reaction. Furnishing the
desired terpyridine, compound 3.

Terpyridine can form transition metal complexes with many transition metal cations,
including ruthenium(II), zinc(Il), manganese, iron(Il) and copper(I).!>* In these
instances, two terpyridine units are capable of coordinating to a cation, which possesses
an octahedral geometry. In order to investigate the strength of the bis terpy metal
complexes, AFM was employed as the tool to gauge this. Organic linker containing one
terpy unit was attached to a gold surface, likewise the same molecule was attached to
the gold tip of the AFM. If one ion, in this case osmium, was introduced to either the
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tip or the flat surface (Il and III in Figure 27A) and the tip is brought close to the surface
gave the bis terpy complex, a coordinative bond force between the osmium and two
terpyridine is measured as a force peak feature of 100 pN (see Figure 27B). The AFM
measurements were performed by Qijin Chi’s group at DTU Denmark.

A) B)
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Figure 27: A) Schematic of the four experimental set ups: I: no Os, II: Os pre-bound
on Au surface, Il1: Os pre-loaded on AFM tip, IV: Os pre-loaded on tip and surface;
B) Force-extension curves for the four set ups. B is reprinted with permission from
reference®” (paper II) © 2013 Nature Publishing Group.

By coordinating the ion on both sides, no coordination bond can be measured, since all
binding sites are already saturated, Figure 27A, IV.

Several hundreds to thousands force-distance curves for the four different experiments,
shown in Figure 27A, were measured to obtain a statistical analysis for the
determination of the bonding strength. Single force peaks as shown in Figure 27B
suggest that the coordination comes from a single bis terpy osmium complex in the
junction. Around 5-8% of the experiments showed multiple peaks due to multiple
terpyridine molecules interacting with the surface.
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Figure 28: A) Force-extension curves at different potentials from fully oxidized to
partially reduced and fully reduced osmium ion; B) The average unbinding force
depending on the redox states controlled by the electrochemical potential. Reprinted
with permission from reference®® (paper II) © 2013 Nature Publishing Group.

Furthermore, the redox state of the central metal atom has an impact on the metal-ligand
interaction, which can be controlled by using an (electrochemical controlled) EC AFM.
The coordination force can be measured while controlling the oxidation state of the
metal, by applying different electrochemical potentials. Upon full oxidation of osmium,
an average force of 130 pN can be measured. 100 pN is measured when the Os ion
component was partially reduced (Os>"**) and the force was further lowered to 80 pN
by fully reducing it, see Figure 28. The force to break the Au-S bond is with around
2 nN, higher than the measured bonds.

This technique makes it possible to look not only at other metal cations such as zinc,
manganese, iron, which can have different redox states, but this can also be used to
examine the relative strengths of metals with differences in binding sites (single to
multiple binding). Furthermore, external factors influencing the binding force can be
studied.
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2.1.2 Rhodamine Linker Assembled on Gold Nanostructures

to measure Strong Coupling (paper VIII)

Due to the special optical properties of noble metal nanostructures, produced via top-
down or colloidal NPs via bottom-up, as introduced in Chapter 1, many possible
applications can be envisaged. One field is the interaction of metal nanostructures with
dye molecules. Indeed, the LSPR of a metal nanostructures can in fact couple with the
resonance of a molecule resulting in properties suitable for many applications, such as
enhanced fluorescence, absorption, enhanced light-harvesting, SERS, just to mention a
few. Another example of exploiting the coupling of LSPR of metal nanostructures and
molecules is strong coupling, which is the coupling of a plasmon of the nanostructure
with an exciton of an excited dye. This field is a more fundamental research field, but
also interesting in terms of quantum optical applications. To achieve a strong coupling
regime, the nanostructure and the dye must be adjusted in many parameters such as
spectral overlap,'** mode volume,'”>!3¢ the oscillator strength,'>’'>° number of
molecules attached to the nanostructure,'®® and the positioning and orientation of the
attached molecule.!®' Strong coupling of a unified plasmon and molecule forming a
hybrid, a coupled plasmon-exciton, means that molecules could influence the NPs
plasmon or vice versa. This phenomenon can be seen as spectral “dips” in absorption
or scattering spectra. We show here that very high concentrations of the molecular
linker attached to plasmonic structures results in strong coupling, however lower
surface loading show small scattering dips which are due to a surface enhanced
absorption and not due to strong coupling.

To best study the plasmon-exciton interaction, required a dye with the following
properties: photostability, good solubility, high fluorescence quantum yield and an
absorption band overlapping with an available laser wavelength. As the dye was to be
attached to NP, functionalization with a strongly binding anchoring group was also
necessary to ensure a high loading on the nanostructure.

A commonly used dye is thodamine 6G (R6G), which fulfills all these requirements,
even though it has a relatively weak transition dipole moment of pz¢;= 1.74 Debye. It
was of interest to see what concentrations were necessary to achieve a strong coupling.
Molecules with strong transition dipole moments can easier reach a strong coupling
regime, such as certain J-aggregates of different dyes.!®? Furthermore the absorption of
R6G overlaps well with the Ar* line (514.5 nm) and the Nd:YAG (2" harmonic
532 nm) laser. To allow it to self-assemble on nanostructures, we modified the dye and
synthesized a derivative with a thioacetate group, which was capable of anchoring
strongly to gold in situ.

All prior published work in this field used unspecific adsorbed ordinary rhodamine 6G
(R6G) molecules, a novelty is therefore to use the derivatised R6G capable of self-
assembling on noble metal based nanostructures, which in turn enabled observation of
strong coupling.
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Starting from the commercially available R6G (Scheme 4, compound 1), the ester
functionality was hydrolysed under strongly basic conditions to the free carboxylic acid
((Scheme 4, compound 2) and then coupled using HBTU (2-(1H-benzotriazol-1-yl)-
N,N,N’,N’-tetramethylaminium hexafluorophosphate) and base DIPEA (di-
isoproylethylamine), with tert-butyl (6-aminohexyl)carbamate (Scheme 4, compound
3). These are typical peptide coupling conditions, which can be performed at room
temperature and this reaction went in almost quantitative conversion. The BOC (tert-
butyloxycarbony) protecting group was conveniently removed under acidic conditions
(TFA (trifluoroacetic acid) (Scheme 4, compound 4)) and the liberated amine further
coupled under peptide coupling conditions (DMAP (4-(N,N-Dimethylaminopyridine))
and EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide)) with 11-
(acetylthio)undecanoic acid, Scheme 4 step ¢ and d compound 5. In this way we
synthesized a R6G, both with a long alkyl chain bridging between the dye and the
anchoring unit.

OFF
ON

OYS 5 ?/S
Scheme 4: Synthesis of the R6G thiolated molecular linker. a) NaOH, EtOH, 95°C, 7 h;
b) HBTU, DIPEA, RT, 1.5 h; tert-butyl (6-aminohexyl)carbamate, RT, 12 h; c¢) TFA,
DCM, RT, 12 h; d) 1I1-(acetylthio)undecanoic acid, DMAP, EDC, DCM, RT, 4 h;
rhodamine, RT, 16 h.

As can be seen in Scheme 4, protonation or deprotonation of the rhodamine core results
in a fluorescence (purple in scheme) and non-fluorescence (blue in scheme) rhodamine
dye, which can be switched back and forward. This opening and closing to a
spirolactam form of the rhodamine dye can be observed in UV/Vis as well as
fluorescence of the two forms, as depicted in Figure 29.
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Figure 29: UV/Vis and fluorescence spectra of the fluorescent and non-fluorescent
R6G. Upon the addition of HCI the spirolactam ring opens and R6G becomes
fluorescent.

The main reaction steps to the thiolated R6G (compound 5) are peptide coupling
reactions, in which amide bonds between amines and carboxylic acids are formed, in a
condensation reaction. In peptide synthesis mild conditions and high yields are crucial,
therefore activation of the carboxylic moiety is achieved firstly by reacting it with an
activating reagent to form a reactive intermediate, usually an activated ester, here in
Scheme 4 and o-acyl iso-urea. During the second step, an acylation of the amino group,
the intermediate is attacked by the amine, as a nucleophile.

We used two different activators, the more traditional, water soluble EDC, which is one
of the more widely used carbodiimides (EDC, DCC, DIC and others), and a coupling
agent from the family of the tetramethylaminium compounds, HBTU
hexafluorophosphate salt. Others could be TBTU the analog tetrafluoroborate, or
HATU and TATU, the azobenzo derivatives, in which a base has to be present. The
coupling mechanisms for both reagents can be described as depicted in Scheme 5.
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Scheme 5: Mechanism of the condensation reaction between carboxy acids and amines
activated by carbodiimides (left) and tetramethylaminium compounds (right).
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The thiolated R6G as well as the ordinary unmodified R6G were adsorbed onto 80 nm
Ag structures in pure methanol as well as in methanol: water mixtures as depicted in
Figure 30. The SEM images of the Ag nanodiscs, as well as photographs and dark-
field images of all the samples are shown in Figure 30. The Ag nanostructures were
chosen to match the spectral properties of the dye.
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Figure 30: A) Illustration of the covalent attachment of R6G on Ag nanodiscs; B) SEM
of the Ag disks, made by colloidal lithography on a glass substrate, C) the four sample
preparations in which the commercially available as well as the newly synthesized R6G
is assembled on the disc; D) photographs and dark-field images of all samples.
Reprinted with permission from reference®'® (paper VIII) © 2016 American Chemical
Society.
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Figure 31 demonstrates representative scattering spectra of the Ag nanoparticles
covered with ordinary (1 and 2) and thiolated (3 and 4) R6G, measured by Giilis Zengin
in the group of Timur Shegai at Applied Physics at Chalmers. The green dashed traces
in the spectra for the solutions of nanodiscs represent pure Ag disks, the magenta
colored traces the hybrids (coupled dye-Ag NP) and the blue ones the photobleached
spectra. In the photobleached spectra, no features of the molecular absorption are
observed, it only shows the recovery of the plasmon resonance of the Ag nanodiscs,
which proves that the spectral dips were an optical response of the nanoparticle caused
by R6G.
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Figure 31: Scattering spectra of the ordinary R6G in methanol (S1), in 4:1
water/methanol (S2), and the spectra of the thiolated R6G in methanol (S3) and in
water/methanol (4). The green scattering spectra represents the pure Ag discs, the
magenta colored one, the Ag discs covered in dye, and the blue one the Ag discs
covered in dye after photobleaching. Reprinted with permission from reference®'
(paper VIII) © 2016 American Chemical Society.

The thiolated R6G adsorbs in a higher density to the Ag nanostructures, due to the
chemical affinity of thiols to the surface, this can be seen already in the photographs in
Figure 30 as well as with ligand exchange experiments.

As the density of molecules on the plasmonic particle increases, stronger spectral dips
can be observed (sample 2 (S2) and sample 4 (S4), Figure 31). The density of
molecules on the Ag nanoparticle was further increased by using water/methanol
mixtures, probably due to a poor solubility of the dye R6G in water, which allows to
form multiple overlayers of dye on the metal surface, possibly through n-stacking, these
findings were confirmed by AFM measurements. Due to a higher density, stronger
coupling between the NP and the dye molecules, resulted in stronger dips, upon
comparing samples 1 to 2, or 3 to 4, can be observed.

Ligand exchange experiments indicate that in S1, which is the ordinary R6G in a
water/methanol mixtures), a surface coverage of molecule/0.16 nm? can be estimated.
The coverage is increased to around molecule/1.0 nm? due to a solvent change to pure
methanol, shown in S2, which shows a more dominant spectral dip. A similar trend can
be seen comparing S3 and S4, which shows the thiolated R6G in water/methanol and
pure methanol. Here the coverage is determined to be increased from ~1.0x10°
molecules per nanodisc, which corresponds to a coverage of molecule/4.2 nm? to and
~1.8x10% molecules per nanodisc, which is around molecule/5.45 nm?, see Figure 31.

Indeed, we clearly observed an interaction between the molecule and the plasmon of
the nanostructure, due to the modification in its scattering spectra. The mechanisms
leading to spectral dips can be explained due to enhanced absorption or strong coupling.
Calculation with the finite-difference time domain (FDTD) method, carried out by T.
Antosiewicz, show that enhanced absorption is the main mechanism for spectral
dipping in our experiments, but by achieving a high concentration of R6G on the
surface a strong coupling regime can nearly be achieved.

37



The absorption spectra was obtained from transmission and reflection measurements at
near normal incident (A= 1-T-R, neglecting diffuse scattering), and no spectral dips,
were observed. This finding was also corroborated by FDTD calculations except for S4
(thiolated R6G in methanol) (Figure 32).
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Figure 32: Absorption spectra of thiolated and ordinary R6G. Sample 1: ordinary R6G
in methanol, sample 2 ordinary R6G in a 4:1 water/methanol mixtures, sample 3
thiolated R6G in methanol, sample 4 thiolated R6G in 4:1 water/methanol. A)
Experimental absorption spectra of the R6G-Ag discs hybrids are plotted green, Ag
discs without dye are plotted dashed brown,; B) Simulated absorption cross sections:
green shows the total absorption cross section of the R6G-Ag system, magenta and
orange the separate contributions of metal and dye, the dashed curves the absorption
of the same amount of R6G with no plasmonic particle present multiplied by the
enhancement factor. Reprinted with permission from reference*'® (paper VIII) © 2016
American Chemical Society.

By plotting the total absorption of the metal-dye hybrid (green), the absorption
contribution of the metal (magenta) and the dye (orange) as well as the same amount of
dye without the plasmonic disc (dashed blue) multiplied by the effective enhancement
factor, we observed a decrease of the enhancement factor for denser R6G coverage, see
Figure 32. This can be explained by a fast decay of the electromagnetic field outside
the Ag disc, meaning that just the sub-monolayers are enhanced as much as 30 times,
as seen in Figure 32 (S1), but the molecules in a thick layer further away from the Ag
disc are enhanced to a lesser extent. The spatial extent of the R6G goes beyond the
decay length of the electric field, resulting in lower enhancement values and most R6G
dye molecules do not interact with the plasmonic near-field. FDTD calculations for the
scattering and the absorption behavior for sample 4 show further, that the thiolated R6G
in water is just reaching the strong coupling regime.
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All experiments were conducted with the protonated form, which shows the strong pink
color. Comparing S1 to S2 and S3 and S4 show that the addition of water changes the
absorbance properties of the dye.

These findings are very important, since this clarifies that the study of strong coupling
between NP and chromophores cannot be determined merely done just by analyzing
the scattering behavior.

In conclusion, we managed to clarify the nature of plasmon-exciton interaction for R6G
and localized surface plasmons in Ag nanodiscs. The newly synthesized thiolated R6G
binds specifically to the nanodiscs and allows the control of the molecular coverage
compared to the unspecific binding of the original R6G used in many previous studies.
Depending on the solvent, very dense layers can be achieved and FDTD calculations
indicate that the surface enhanced absorption is the dominant effect for the spectral
dips, but a strong coupling regime can only be achieved with the densest dye layers we
prepared. A dye with a dipole moment of around 1 D like R6G requires an extreme
density of molecules located in the near-field to reach the strong coupling regime,
which has recently been confirmed in other experiment, in which high densities of dye
placed in close proximity to the nanostructure could be achieved.!6*!64

To achieve strong coupling a molecule with a high transition dipole moment such as in
J-aggregates or quantum dots could be used for future experiments. But also smaller
nanoparticle structures or dimers could lead it the wanted strong coupling event.
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2.2 Photolabile Protection Groups

A useful class for molecular linkers are photolabile compounds, also called caged
compounds, in which light with a specific wavelength!®® and appropriate intensity will
cleave the molecule and release an active group of interest.'® Alcohols, 67163 169
thiols,!” phosphoric acids,!”'"!”® carboxylic acids!’*'7® or internal alkynes are
commonly released groups.

amines,

Adsorbing these photolabile compounds to nanostructures, the photo release can be
strongly enhanced due to the LSPR of the plasmonic structures. This made it possible
to specifically functionalize local surface areas with light and use them for

microarrays'”’ or obtain defined chemical patterns with nanometric resolution.!”®

Moreover it gives rise to the idea, that one can only activate molecules in a nanogap of
a dimeric structure and this newly generated functional groups can detect, bind or react
with whatever one is interested in. By finding out the reaction conditions, we
envisioned that this could lead e.g. to a single molecule functionality in a nanogap.
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Figure 33: Self- Assembled molecules in a gap of two plasm()mc structures.
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in the 1970s, photolabile groups are of
181-183

Since the work of Kaplan'”” and Engels

interest in many fields, such as biochemistry,'” organic synthesis,
165,184

surface
science, natural product synthesis'®> and many more. Many type of molecules are
known and very well studied, such as o-nitrobenzyl, (coumarin-4-yl)methyl,

nitroindoline, and p-hydroxyphenacyl derviatives.

The mechanism of the photo release is different for each photolabile compound, but in
any case an activated state is involved due to the absorption of a photon, so that an
unoccupied state is populated as a singlet (spin up/spin down) or after intersystem
crossing a triplet state (spin up/spin up). The excited state makes a molecule inherently
a better electronic donor and acceptor. In case of nitroindoline, Scheme 6A, an
activated carboxy ester results upon absorption of a photon, the ester then readily reacts
with nucleophiles, see Scheme 6. In case of the o-nitrobenzyl derivatives Scheme 6B
the nitro benzyl group forms nitronic acid, through a 1,5 sigmatropic shift from the
photo excited state, which cyclizes and facilitates further reaction to cleaving the ether
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and releasing it as an alcohol, see Scheme 6. More details about the mechanisms can

be found in literature.!83-186.187
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Scheme 6: Reaction mechanism of the light induced photo cleavage of A)

nitroindolines; B) o-nitrobenzyls.

This Chapter presents the use of a photolabile compounds based on nitroindoline and
o-nitrobenzyl. A nitroindoline derivative with possessing a thiol moiety was assembled
on Au nanostructures in order to build a biosensor, activated by light and giving a
sensitive plasmonic read out (Chapter 2.2.1.). Furthermore, we designed a new
photolabile molecular linker for metal nanostructures, which releases terminal alkynes
under irradiation (Chapter 2.2.2.). Terminal alkynes haven’t been reported to undergo
release via photolabile moieties before and due to fact that they undergo very specific
reactions, see Chapter 2.2.2, these would be an ideal platform for biosensing in a very

specific way.
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2.2.1 Assembly of a Photolabile Nitroindoline on Gold

Nanostructures as a LSPR based Biosensor (paper |)

Light induced surface functionalization can be very local and site-specific by using
spatially structured illumination. The functionalization of surfaces with biomolecules
has potential use for drug-screening, DNA chips, antiseptic surfaces and biosensors. As
described in Chapter 1, sensors can be designed by exploiting the plasmonic properties
of metal structures. Due to the refractive index dependency of the LSPR peak, they are
very sensitive to the immediate surrounding. The idea for this project was to use light
sensitive molecules, developed in the group of J.B. Christensen University of
Copenhagen,'®® to demonstrate as proof-of principle, that light induced reactions on
self-assembled monolayers on nanostructures can be used for biosensing applications.
For the purpose of this study we used the photoactive motif indoline (5-bromo-7-
nitroindolinyl) functionalized with a thiol unit, which self-assembles onto gold
surfaces. In Figure 34 it is envisioned that the indoline reacts with nucleophiles upon
activation with UV irradiation.

365 nm
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Figure 34: Schematic of the photoinduced reaction on a nanostructured gold sensor.
The assembled monolayer of nitroindoline (1) reacts light induced with biotin (2) (step
A), which is then recognized by streptavidin (SA) (step B) and the horse radish
peroxidase enzyme (green circle) conjugated streptavidin (blue structure) enzymatic
3,3-diaminobenzidine to enhance the LSPR signal. Adapted from reference™ (paper I)
© 2013 American Chemical Society.

Indeed, under irradiation, the modified surface reacts through the reactive nitroindoline
unit, which is expelled as bromonitroindoline upon nucleophilic attack from biotin
ethylenendiamine. From here, this biotin functionalized surface can be used to probe
the well-studied specific binding between biotin and the protein streptavidin (SA).
Streptavidin is available as conjugates with many proteins, which makes this a good
platform for other biosensing events. We used streptavidin functionalized horse radish
peroxidase (HRP) enzyme to polymerize 3,3-diaminobenzidine (DAB), see Figure 34
green circle on the blue streptavidin structure. The polymerization step with DAB on
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top of the light activated nanostructure helps to increase the mass of the attacked object
and therefore makes an optical response of the plasmon resonance more obvious.

The performance of the biosensor was tested and confirmed using a combination of
quartz crystal microbalance (QCM) and LSPR. QCM is an acoustic resonator, which
measures the variation in mass per area by measuring its frequency shift. It can be used
to determine the affinity to a special functionalized surface or to investigate molecular
interactions. The sensitivity is around 1 pg/cm?. Quartz shows the so called
piezoelectric effect, which is the relationship between the mechanical and the electrical
state in the crystal. An electrical charge is created due to mechanical force and vice
versa. An applied voltage can therefore generate a mechanical deformation, and an
acoustic resonance can be measured electrically. The crystal oscillates in a standing
wave, due to an applied alternating current (AC) through electrodes evaporated on both
sides of the crystal. The voltage induces a shear deformation. Adding or removing mass
on/off the crystal changes its resonance frequency, which is the measureable variable,
see Figure 35D. The procedure shown in Figure 34 was used to obtain a large
frequency shift as shown in Figure 35D with the purple curve, even without
precipitating the DAB on top of the streptavidin. The blue curve presents the QCM
chip, passivated for streptavidin by the assembly of PEG-thiols on the surface.
Furthermore, a small reversible frequency shift (orange curve) was detected, when an
indoline/PEG layer was brought into contact with streptavidin. Most likely a non-
specific, hydrophobic interaction between streptavidin and indoline gave rise to it. For
all assemblies we used mixed layers of indoline and PEG, since pure light activated
indoline surfaces reacted with biotin showed less binding of streptavidin. This might
be explained with the size of streptavidin, which needs adequate space to properly bind
to biotin. Streptavidin did not bind well to biotin if the biotin layers were too densely

packed.
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Figure 35:) A) Schematic diagram of the experimental setup to measure the LSPR
shift in a mounted flow cell on an upright microscope; B-C) a typical UV/Vis of the
plasmonic nanostructure and its SEM image; D) A typical QCM measurement
showing a shift in the frequency after the injection of streptavidin, if the surface was
light induced reacted with biotin (purple), but not without the light reaction (orange,
blue). Adapted from reference™® (paper I) © 2013 American Chemical Society.
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The same experiment was performed on nanostructured Au surfaces measuring by
LSPR, performed by Si Chen of Mikael Kill's group at Chalmers, as shown
schematically in Figure 35A. The results of the LSPR shift are represented in Figure
36D and E and show similar behavior as seen with the QCM. The resonance frequency
of the nanostructure (LSPR) shifts in case of a light induced reaction on the surface
with biotin, due to a binding of streptavidin (blue curve). Pure indoline surfaces show
some non-specific binding (red) and pure PEG surfaces show no binding of
streptavidin. Very similar results are obtained with streptavidin, and the polymerization
reaction of DAB afterwards. This proves, that just the binding event of streptavidin is
enough to make this system usable as a biosensor.

0 q
R s
A) Syt B L B
Rea gl T gl o )
od\c NO, Hf'c’ " no, \\L{,O
Ly "y A :im'el
2 min
1 ) Hh; 3 4 S R

120

1.0 R
__n.n\\_-—/_‘dl%_ 80
0.3 Y e | R | 50
35 B W S Y NS " | |
S, 0.6 - L
]
£ 04 t ,_, j t 5
I}
- 1 a hE iy ! g

(e
44 42 40 38 36 34-32 30 28 28024 PPT

300 350 400 450 500 550
wavelength [nm]

C) vy Tl Ty y vy vy D) 21 T T T -
4
16 = =
g 14 < -
e 9 —
E 128 E
E g 2
w $ 7 -
-] =%
5
w
o
04 30
0
T T T T T T
66 68 70 72 biotin functionalized indoline peg surface
time (min) surface surface

Figure 36: A) UV/Vis spectra of the light induced reaction in DMSO over 2 h. Due to
the reaction of nitroindoline (1) with biotin-amine (2) the absorption shifts from 340 nm
to 450 nm; B) this can be monitored with the NMR as well, recorded at a 20 min
interval. Pure starting material (red and purple) are converted into the product; C/D)
Plasmon Peak shift with time and as a column representation for the light reacted
surface (blue), the pure nitroindoline (1) surface (red) and a passivated surface with
PEG (green). The black curve represents the ratio between the light and not light
reacted surface; Reprinted with permission from reference® (paper 1) © 2013
American Chemical Society.
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The light induced reaction was furthermore studied using UV/Vis and NMR as shown
in Figure 36A+B, as well as with IRRA (grazing incidence reflection-absorption
fourier transform infrared spectroscopy), contact angle and XPS/ESCA (x-ray
photoelectron spectroscopy) measurements, see paper I. The UV/Vis spectra show the
full conversion of the indoline (1) (absorption 340 nm) to 3 (450 nm absorption)
without the appearance of byproducts. This is confirmed by two isosbestic points at 304
and 381 nm. NMR experiments during photolysis show the progressive decrease of
sigthe signal intensity for the starting materials (signal a and c) Figure 36B as well as
the appearance of a new set of signals b, d and f indicative of the coupling product and
the nitroindoline. Contact angle measurements were done by reacting the indoline with
a very hydrophobic amine terminated molecule (4-(trifluoromethyl)phenyl)methane
amine) to drastically change the contact angle of the Au surface (Figure 37).

t=0.320 B=3.23 H=0.87 V=4.05 A4=57.5 ID=TMP0043! t=0.340 B=3.49 H=0.77 V=4.07 4=48.5 ID=TMP0042 t=0.420 B=2.86 H=0.92 /=352 A=66.6 ID=TMP0043:

Biotin: 50° Nitroindoline:45° CFs: 70°

Figure 37: Contact angle measurements on gold surfaces, activated with 365 nm and
reacted with the nucleophiles biotin (left), 4-(trifluoromethylphenyl)methanamine
(CF3). (right).

The IRRA on Au surfaces were performed by reacting the indoline with biotin as done
in the sensor experiments, so that typical signals of biotin such as the carbonyl around
1697 cm! can be detected, as well as the disappearance of the nitro group at around
1540 cm’!. Furthermore, 4-(aminomethyl)benzonitrile was introduced to show the
appearance of vibrations of the nitrile group (2237, 2268 cm!) and the aromatic C-H
stretch around 2900 cm!.

For the ESCA measurements indoline on a Au surface was reacted with 4-
(trifluoromethyl)phenyl)methanamine to detect the typical peaks for fluorines (F1s),
with good correspondence to an expected chemical analysis.

With the help of several techniques we presented here an efficient coupling of several
amine nucleophiles of choice to a nanostructured Au surface via photoinduced surface
chemistry. These self-assembled monolayers act as LSPR based biosensor with
biological relevant recognition motifs. By using biotin-streptavidin, one can envision
binding of any streptavidin fusion protein to specific position on gold surfaces and
monitoring LSPR peak shifts. This might be a starting point for biomedical applications
as drug-screening or microarrays. The LSPR based sensing has high sensitivity and is
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a relatively simple method. Light induced reactions can be directly monitored in the
same setup. Due to the use of light for the functionalization, spatially localized sensing
regions with nanometric resolution are possible.

2.2.2 New Photolabile Protection Groups for Alkynes for self-

assembly on plasmonic metal surfaces (paper )

Due to our work with the photolabile nitroindolinyl group, see Chapter 2.2.1., we
realized that a more specific photolabile group is desirable, as indoline generates a
activated carboxylic acid which can react with any nucleophile possible and under
certain reaction conditions even with water. O- nitrobenzyls (NBs) are very robust
photolabile compounds, well-studied since they were first reported in 1901'® and used
as a protection group in 1966 by Barltorp et al.'”® As described earlier, alcohols, amines,
thiols, carboxylic acids and others can be protected by this type of photolabile moiety.

One idea was to extend this methodology to develop a protecting group for terminal
alkynes, since these can only under go very specific reactions such as 1,3-dipolar azide-
alkyne click reactions, forming 1,2,3-triazoles, Sonogashira and Stephens-Castro
reactions or Diels-Alder reactions. As mentioned earlier, a photolabile protection group
for liberating terminal alkynes are not common. Scheme 7 highlights the proposed idea
for the photoactivated generation of terminal alkynes.

o 365 nm
cat. CuBr, KOH \\ H
MeNO toluene
no, |l 2
2 4 rt 12h reflux, 12 h . (0]
OH NO
R
R

Scheme 7: Basic concept of the sj)fzz[/zc)sz'.s” (gf o-nitrobenzyl compounds, which can
release terminal alkyne due to a photo cleavage under alkaline conditions. Procedure
for compound 1, CuBr; MeNQO,, 12 h, rt. Photorelease is triggered by light of the
wavelength around 365 nm (200 uW/cm?) under alkaline (KOH, toluene, reflux)
conditions. The byproduct of this reac rion is o-nitrosobenzaldehyde. Reprinted with
permission from reference®'! (paper III) © 2013 Elsevier, Tetrahedron Letters.

l

O-nitrobenzyl alcohol reacts with derivatives of a 2-methyl-3-butyn-2-o0l (tertiary
propargylic alcohol) in a copper-catalyzed nucleophilic substitution reaction to form
the photocages of the family of the o- nitrobenzyls (NB), here a propargylic ether.
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The formation of the necessary propargylic ethers is not common, even though they are
interesting building blocks in organic chemistry.!?!:12 193
metals such as cobalt (Nicholas reaction)!* or rhenium!'®> and ruthenium'*® can be used
to form primary and secondary propargyl ethers. Mild conditions to synthesize tertiary
ethers are, however, not common. Here, the tertiary propargylic alcohol is activated by
copper(Il) bromide (CuBr;) to form a propargylic ether through a nucleophilic
substitution reaction (Sx1), see Scheme 7.'”” Huang et al.'®’ assumed the formation of
a propargylic cation, facilitate by copper coordinating and therefore a catalyzed Sn1
type substitution reaction. The lone pair of the hydroxyl interacts with the vacant
coordination site on copper 1I, which lowers the energy of dissociation between the
hydroxyl and the hydrocarbon, forming the carbocation. The empty d orbital of the
copper can also overlap with n-cloud of the alkyne.

Lewis acids'”’ or transition

The two main reaction steps to synthesize a library of photolabile compounds were the
above mentioned copper catalyzed Sn1 type substitution reaction to bind the o-
nitrobenzyl motif to any kind of alkyne group. The other was the Sonogashira cross-
coupling reaction, to introduce triple bonds, especially here to introduce the propargylic
alcohol to the molecules.

The mechanism of a typical Sonogashira reaction is depicted in Figure 38. Firstly, the
palladium catalyst (Pd(PPhs),Cl,) requires activation to a Pd° species. Pd° can be
generated by addition of PPhs, but also from the amine base or from the terminal
acetylene (this path requires copper, see catalyst activation Figure 38)

The main reaction is depicted in the palladium cycle, Figure 38. The active Pd’L, reacts
with aryl or vinyl halide in an oxidative addition, forming a palladium (II) complex.
This complex undergoes a transmetallation with the copper acetylide (formed in the
copper cycle). A trans-cis isomerization of the Pd complex follows, to bring the organic
ligands close to each other, to finally eliminate the product under a reductive
elimination step, regenerating the active Pd’.

To help the transmetallation, copper forms a n—alkyne complex, which helps to abstract
the terminal proton of the alkyne and let it react with the Pd, see copper cycle in Figure
38.
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Catalyst activation: palladium cycle: copper cycle:

(n
Pd(PPh,),Cl,

( Base R(”)
Pd(PPh3)2CI

=R Base

(||
Pd(PPh3)2 (PhsP)Pd”

‘\n?/

/

(||) PPh3 (0)
Pd(PPh3)2C|2 —> Pd(PPh3)4

Figure 38: Reaction mechanism of a typical Sonogashira reaction, i) oxidative
addition, ii) transmetallation and trans-cis isomerization, iii) reductive elimination. R
is a hydrocarbon compound, X a halogen.

A library consisting of 7 photolabile compounds were synthesized using the same
synthetic methology to prove its versatility. All compounds could be used as
photocleavable groups for terminal alkynes (Scheme 8 and Scheme 9, all green
structures). Furthermore, the orthogonality of the photolabile group to e.g. the
traditional propargylic alcohol protected alkynes was demonstrated (Scheme 8) and the
ability to be used as molecular linkers (Scheme 9) for self-assembly on plasmonic
structures is realized by synthesizing a thiolated version.
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To prove the “orthogonality” of the photolabile group, compound 3 (Scheme 8) was
synthesized, and deprotected to compound 4 under basic conditions with the exclusion
of any light, while still carrying the photo-protection group. This demonstrated the
robustness of this photolabile protection group for terminal alkynes. During
illumination under alkaline conditions both the traditional and the photoprotection
group in 3 are removed, forming compound 17, see Scheme 8. By using illumination
but neutral reaction conditions, compound 3 deprotects to compound 10, in which the
traditional protection group is still stable. In this way we demonstrated that they are in
one direction independently addressable from each other.
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Scheme 8: Synthetic procedure for photolabile compound 2 and 3. a) PdCIl>(PPhs3);,
NEt;, 2-methyl-3-butyn-2-ol, Cul, PPhs;, THF; b) CuBr, MeNQO;, o-nitrobenzyl
alcohol; ¢) PdCIl>(PPhs),, NEt;, 2-methyl-3-butyn-2-ol, Cul, PPhs;, THF; d) 365 nm,
ethyl acetate; e) KOH, toluene, f) 365 nm ethyl acetate, g) 365 nm, KOH, toluene.
Reprinted with permission from reference*'! (paper I11) © 2013 Elsevier, Tetrahedron
Letters.

Furthermore, we wanted to demonstrate the concept of biosensing via LSPR and
designed two compounds, carrying a thiol anchoring groups for metal, plasmonic
nanostructures, see Scheme 9, compound 6 and 7. These could be used as a very
sensitive LSPR sensors as demonstrated in paper I (Chapter 2.2.1.), capable of
undergoing very specific reactions, such as azide-alkyne click reactions. This would
improve the selectivity compared to the nitroindoline photolabile group in paper I,
which is susceptible to attack from all kinds of nucleophiles. Another possibility is to
place these photolabile compounds in a gap, see Figure 33, and activate them just in
the hot-spot. These compounds would allow to generate reactive alkynes just in the gap,
which can then react specifically with reporter molecules, dyes or others for
applications as described earlier, SERS, enhanced absorption, strong coupling,
biosensing and many more.
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Scheme 9: Synthesis procedure for photolabile compound 5, 6 and 7. A)
a)PdCIl>(PPH3),, NEt;, 2-methyl-3-butyn-2-ol, Cul, PPhs, THF; b) TBAF; THF; c)
EDC; DMAP, DMF, I1-acetylthio)undecanoid acid; d) CuBr; MeNQO:;, o-nitrobenzyl
alcohol; e) 365 nm, KOH, toluene, f) 365 nm ethyl acetate; B) a)p-TsOH, DCM, 3,4-
dihydro-2H-pyran; b) PdCI;(PPhs),, NEt3;, 2-methyl-3-butyn-2-ol, Cul, PPhs;, THF’; b)
p-TsOH, THF/MeOH; d) K>COs, DMF, 2-(12-bromododecyl)thioacetate; e) CuBr»,
MeNQO:, o-nitrobenzyl alcohol; f) 365 nm, ethyl acetate, g) 365 nm, KOH, toluene.
Reprinted with permission from reference®'! (paper III) © 2013 Elsevier, Tetrahedron
Letters.

Scheme 7 visualizes already, that strong basic conditions during the photoreaction were
needed to generate a primary alkyne. Therefore, some possible compounds containing
the photolabile moiety were instable, such as compound 6, which contains a amide
bond, which is labile in basic conditions and breaks during the attempt to form a
terminal alkyne, and forms instead compound 18 (Scheme 9).

The thioacetate moiety in compound 7 is a relatively robust moiety and reactions such
as Sonogashira or others can be endured. Whereas a free thiol group can react as a
nucleophile, which can poison catalysts or react in nucleophilic reactions. Strong basic
conditions as needed in the photocleaving step with KOH, result in deprotecting the
thioacetate and forming the free thiol, forming compound 19, with a free alkyne and
the thiol anchor for the metal surface. Compound 7 lead us therefore to a compound,
with a thiol anchored photolabile compound, which is a candidate for further studies
for surface sensor applications.

The photo release of compound 1 can be monitored via 'H-NMR spectroscopy. The
byproduct, o-nitrosobenzaldeyde (see Scheme 7) gives rise to two very distinctive
signals, an aldehyde around 12 ppm and an upfield shifted aromatic resonance at
6.4 ppm (para position). Furthermore, the disappearance of the signals of the starting
material can be observed, for instance the signal for the benzylic protons at 5.1 ppm
diminish and eventually disappear after irradiation, see details in Figure 39.
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Figure 39: TH-NMR spectra of photolabile compound 1 in CDCI; upon irradiation with
UV-light (365 nm, 200 uW/cm?) for 120 min. Product 8 and the byproduct o-
nitrosobenzaldehyde is formed. Reprinted with permission from reference*'! (paper I1I)
© 2013 Elsevier, Tetrahedron Letters.

With this strategy we developed a novel methodology for the photolabile protection of
terminal alkynes. The nitrobenzyl based compounds can be used orthogonal to the
traditional alkyne protection for synthetic purposes as well as for plasmonic surfaces,
which gives rise to many applications as plasmonic sensing.

The photocages need to be further tested for plasmonic applications and we are
considering ways to further develop the system, and to eliminate the harsh alkaline
conditions needed to form the terminal alkyne. Recently, our protection strategy has
inspired the group of Kakiuchi et al.,'”® who employed a milder hydrolysis step for the
release of the terminal alkyne, which definitely would allow testing these conditions on

self-assembled monolayers in the future.
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Assembly of Colloidal Nanoparticles

Chapter 2 discussed in detail the synthesis and the assembly of various molecular
linkers which have been used in conjunction with plasmonic metal nanostructures to
addressing questions such as plasmon-exciton interactions, the use of photolabile
molecular linkers for biosensing, or the measuring of the binding force of complexes.
To go one step further, nanoparticles were synthesized and assembled giving dimeric
structures, in order to study some of the previously mentioned effects as indirect
plasmonic sensing in assembled nanoparticles. This chapter will describe three ways to
assemble dimeric nanostructures: A) Assembly using newly synthesized molecular
linkers, B) Assembly using electrostatic interaction, and C) Assembly of nanostructures
on surfaces, see Figure 40.
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Assembly via Linker molecules interaction

..0 .‘0 ‘0’ ¢ -e'—.u

eﬂ

C) Assembly on the surface
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Figure 40: Schematic representation of the assembly of nanoparticles in three different
ways A) Assembly via linker molecules; B) Assembly via electrostatic interaction; C)
Assembly on the surface.
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3.11 Terpyridine Linker to Assemble Dimeric Metal
Nanoparticles (paper VI)

One such possibility to assemble nanoparticles is to use molecular linkers, as described
in Chapter 1 Figure 12. Traditionally, molecules bearing two thiol units have been
used to combine two nanoparticles (homodimers) of the same or different composition
(heterodimers) or to form discrete nanoclusters.®! One desirable is a strategy to dimerize
two nanoparticles in a dynamic equilibrium assisted process, achieving a
monofunctionalization, where a single molecular linker resides between these particles.

For this purpose we designed an amine terminated terpyridine linker, since it is known
that two terpyridine molecules form a stable but reversible complex with transition
metal cations (see Chapter 2.1). However, by adding e.g. a strong complexing agent
such as EDTA (ethylenediaminetetraacetic acid), HEEDTA (hydroxyethyl
ethylenediamine triacetic acid)!*>*® or by protonation of the amine groups by the
addition of HCL,?%! this 2:1 complex can be disassociated (Figure 41).

=\ ‘ —l

Figure 41: Schematic of the complexation of terpyridine with transition metals and
the decomplexation with a competitive ligand such as EDTA.

2+/3+

This, in essence, gives one the opportunity to reversibly assemble NPs if all these
components are present in conjunction with terpyridyl units attached nanoparticles.

In order to connect the terpyridine molecular linkers, we followed the analogous
procedure shown in in Scheme 1 (step a and b) in Chapter 2 to obtaining the
terpyridine ketone compound 2. Ketone 2 was further reacted with a mixture of
phosphoryl chloride (POCIs) and phosphorus pentachloride (PCls) (step a Scheme 10),
forming compound 3, followed by subsequent treatment with 5-aminopentan-1-ol,

affording amine functionalized terpyridine, compound 4, see Scheme 10 step b.
0NN,

Scheme 10: Reaction scheme for an amine functionalized terpyridine. A) POCI3, PCls,
0°C, 10 min; 110°C, 12 h; b) 5-aminopentan-1-ol, DMSO, KOH, 60°C, 12 h.
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For this purpose we synthesized the aforementioned terpy molecular linker bearing a
primary amine moiety, which can reacted with carboxylic acid functionalized SiO, NPs
solid support (Figure 43 step A) and indeed with metal NPs (Figure 43 step B), here
Fes304 and Au, which also have carboxylic acid coverage. SiO, NPs were prepared via
a typical sol-gel synthesis and further functionalized with an amino silane (APTES, 3-
aminopropyltriethoxysilane) and further coupled with tartaric acid using peptide
chemistry (EDC/NHS) introducing a terminal carboxylic acid to the surface of the SiO,
NPs. Iron oxide and gold NPs (Fe3O4 and Au) were surface functionalized with oxalic
acid (C,H>04) and 3-mercaptopropionic acid, respectively, adding carboxylic acid
groups to the surface of these NPs (Figure 42).

APTES tartaric acid mercaptopropionic acid

_\/Si\AN O oH
s
0 ho oM Hooc

S,

0\ o oxalic acid
o— o
mOH HoOC~] Fe30,

Figure 42: Preparation of the solid support SiO, and the Au or Fe3O4 NP to react with
terpy amine.

To establish a route towards monofunctionalized NPs, we employed a solid support
approach; binding a small NP e.g. Au on a larger SiO, NP, and functionalize the metal
NP with the terpy molecule while sitting on the solid support. By releasing it from the
solid support with EDTA, the monofunctionalized NPs can encouraged to dimerize
with different or the same type of NP by adding a transition metal salt, in this case
FeCls, and form a supramolecular complex consisting of a single iron(terpy) bridging
between two metal containing nanoparticles (Figure 43).
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Figure 43: Strategy to assemble monofunctionalized dimeric NPs. The source of Fe 111
comes from FeCls -6H>0. 1) Carboxylic acid decorated SiO> NPs react in a coupling
reaction with the amine terpy to complex A. 2) A reacts binds via Fe Ill a second terpy,
forming complex B. 3.) B reacts with the carboxylic acids groups on the surface of Au
NP, forming complex C. 4) EDTA extracts the iron from the system and the silicon
support can be dissolved by adding IM NaOH, releasing monofunctionalized Au- or
Fe;Oy-terpy NPs, 5) which can react with another monofunctionalized Au-terpy NP
with the help of Fe Il to a dimeric nanostructure, Au-Au.

Due to the presence of the carboxylic acid functionality of the surface of all
nanostructures, the main synthetic protocol in this assembly process (Figure 43) was
therefore done using peptide coupling reactions: This procedure was used to attach the
terpy compound 4 via the terminal amine to the terminal carboxylic acid groups coated
silicon dioxide (Si0;) forming an amide bond (complex A, Figure 43 step 1). A second
terpyridine linker is then introduced to the SiO; solid support by forming a complex
with iron, (step 2, Figure 43 complex B). At this point, either carboxylic acid
terminated Au or Fe3;O4 NPs could then be bound to complex B via a second peptide
coupling, see step 3, Figure 43 complex C. Since this synthesis step happened on the
solid support, all unreacted starting materials could be removed by both repeated
centrifugation and washing. From here, monofunctionalized NPs could be conveniently
obtained by decomplexation of complex C firstly with EDTA liberating the Au NP,
step 4. Subsequent treatment of the reaction mixture with NaOH aids purification by
dissolving the silicon based solid support. The reintroduction of FeCls then allows for
the highly selective formation of homo metallic NP dimers (step 5, Figure 43).

FTIR as well as TEM allowed us to follow the assembly of either Au or Fe3O4 NPs to
the solid support (Figure 44A and B) as well as in the dimer formation steps (Figure
44C and D). In addition, '"H NMR revealed a successful bonding between the terpy and
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the silicon support. The aromatic signals broaden due to the immobilization on the
support, and the signals of the terpy unit at 7.85 and 7.38 ppm are high-field shifted,
indicating a strong electron-pushing effect from the particles into the terpy unit.
Furthermore, UV-Vis spectra of the singles Au NPs to the dimeric Au NPs shifts from
523 to 533 nm.

s D%

—
50 nm

Figure 44: TEM images of A) SiO:>-Au nanoparticles;, B) SiO,-Fe;O4 NPs, C) Au
dimers; D) Fes3Oy dimers. Reprinted with permission from /‘c{/'eren('e:” (paper VI) ©
2015 American Chemical Society.

Dimers of two monofunctionalized NPs could be reversibly formed via metal
complexation in a yield around 50%. This versatile bottom-up approach can give rise
to the formation of complex nanoclusters. Using the same approach to form
heterodimers could be a logical progression of this methodology. Future goals would
therefore be to employ this method to assemble all different kind of dimeric structures
and use the monofunctionalization to test plasmonic properties, such as SERS, indirect
nanosensing or in other applications.

The assembly of the nanoparticles was undertaken in the group of Thomas Nann in
Australia, where the design and the synthesis of the reversible terpy linker as well as
parts of the spectroscopic characterization of the samples were carried out by the author
of this thesis.
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3.1.2 Assembly of Dimers in Solution using Electrostatic
Interactions and the Use of Heterodimers for Sensing
Applications (paper IV and Vi)

Aside from using molecular linkers to bridge nanoparticles, electrostatic interactions
between oppositely charged NPs can also be used to assemble dimeric NPs, which was
highlighted in Chapter 1 Figure 12. To develop a versatile synthetic strategy to
assemble two metal NPs of different shapes, sizes and, metal composition, thus forming
hetero- and homodimers, a method based on electrostatic interactions was developed.
The aggregation process has to be carried out in a controlled way to achieve the highest
possible yield of dimeric nanostructures, whilst avoiding over aggregation and thus
sintering of NPs. For this purpose, the stability of each NP in the presence of its counter
ions and the oppositely charged NP had to be studied and fine-tuned.

In this study, we used one NP functionalized with sodium 2-mercaptoethanesulfonate
(MESNa), forming a negatively charged NP, in this case either Au or Ag. Positively
charged nanostructures, could be made in different shapes using either Au or Pd, with
coverage of surfactants CTAB or CTAC.

To develop this versatile method to assemble dimeric NPs we used well known and
easily available NPs in order to access a wide range of homo- and heterodimeric
structures. One particle family is the citrate stabilized particles, which are commercially
available for many metals, and due to the high lability of citrate are easy to further
functionalize These were functionalized with stronger binding MESNa (sodium 2-
mercaptoethanesulfonate), to form stable negatively charged particles. Another large
and well described class of NPs are NPs stabilized with CTAB and to a lesser extent
CTAC. Either CTAB or CTAC stabilized particles on the account of the quaternary
ammonium cation, were used as the positively charged particle component.

The surface charge and the hydrodynamic radii on both the negatively and positively
charged NPs were measured using zeta-potential and dynamic light scattering (DLS),
moreover all these particles were further analyzed using TEM and SEM to confirm the
size and the shape of these NPs. Figure 45 visualize the idea of combing positively and
negatively charged NPs, as well as the results we obtained by using several different
citrate and CTAB particles forming heterodimeric NPs. We combined Au and Ag NP
spheres with a range of shaped Au and Pd NPs, cubic, rhombic-octahedron, truncated
cube, rhomic dodecahdron, showing different surface crystallographic facets.
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Figure 45: A) Schematic of the electrostatic interaction to assemble a wide variety of
homo- and heterodimers. C-1) TEM images, B) SEM images of Au(sphericalog nm)- Pd
of different shapes; C) Ag (sphericalog um)-Pd (cubezsm); D) Ag (sphericalog ym)-Pd
(cuberpnm); E) Au (sphericalog ym)-Pd (cube:ss m); F) Au (sphericalop nm)-Pd (cuber nm);
G) Au (sphericalog um)-Au (cubessm);, H) Ag (sphericalopnm)-Au (cubessnm), 1) Au
(spherical 99 ,m)-Au (rhombic octahedronsonm); J) EDX-STEM elemental analysis of
dimer Au (sphericalop nm)-Pd (cubess nm). Adapted from /'(f/é’re/z(’ezlj’ (paper 1V) © 2014
American Chemical Society.

Crucial for a successful electrostatic assembly of dimeric structures is the mutual
stability of two contributing NPs. In addition to coverage of the positively charged NP
with CTAB, unbound CTAB is also present in the solution and cannot be completely
removed without irreversible aggregation. On the other hand generation of negative
MESNa NPs is accompanied by citrate in solution. It was found that the success of
dimer formation had a strong dependency on relative concentration of these salts in
solution when positively and negatively charged NPs were mixed. Figure 46, shows
the results of addition of CTAB to negatively charged MESNa coated Au NPs which
had varying citrate levels, showing the relative stability ranges for negatively charged
Au NPs in the presence of CTAB. For the NPs hosted in 300 uM citrate, tolerance of
CTAB up to as high as 20 uM was obtained, however, higher levels of CTAB lead to
aggregation.

In order to find a window, in which both particles are stable, the same experiment was
performed, instead adding sodium citrate to CTAB stabilized Pd NPs of different
CTAB concentrations. The plotting of both lines (Figure 46) for these relative
concentration stabilities, showed a window, highlighted in blue, where it seemed that
both negative and positively charged NPs exhibited stability.

It was within this window that the controlled assembly of NP dimers was centered. To
achieve the highest yield of dimeric nanoclusters a fine-tuning of the ratio of NPs was
required as well. By changing the concentration of NP A: NP B the yield can be tuned
to around 30-40% of aggregates being AB dimers. The remaining 60-70% composed
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of both single A particles or bigger clusters of AB, in which n>2, as determined by
microscopy.
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Figure 46: Stability diagram as a function of concentration of capping agents for A)
Au spheregg ym, and B) Pd cubess nm. C) The blue zone visualize the citrate and CTAB
concentration in which both particles are stable.

The mutal stability of oppositely charged NPs can be theoretically described by the
nature of the interactions involved in the aggregation process using variations of DLVO
theory (named after Derjaguin, Landau, Verwey, and Overbeek), which is in detail
explained in paper IV, and will not be further described here.

In brief, this versatile approach following the model stability diagram allowed us to
combine metallic NPs of different sizes, shapes and chemical composition. Following
this model, could also lead to further work possibly extended to non-metallic particles.
Furthermore, it would be desirable for plasmonic sensing applications to have shaped
plasmonic nanoparticles as triangles or rods. This would enhance the hot-spot between
the NPs and allow the testing of many plasmonic applications.

One of the heterodimeric structures (Au-Pd), prepared this way, was used for single-
particle plasmonic nanospectroscopy, see Figure 47A, to test the utilization of these
assembled structures (paper VII).

Our novel approach of forming heterodimers (see paper IV, described above) allowed
the generation of combinations of NP dimers, consisting of many kinds of metals, in a
range of sizes in addition to a great selection of surface facets. This potentially broadens
the field of sensors already described in literature, such as hydrogen sensing with
palladium NPs.>*

Hydrogen is known to be able to occupy interstitial sites in metal lattices such as Pd or
Pt, forming hydrides. Hydrogen molecules (H>) can adsorb on metal surfaces, dissociate
into hydrogen atoms (H) and subsequently diffuse into the interstitial sites in the metal
lattice leading to lattice expansion (Figure 48C). Hydrogen uptake in palladium
nanostructures can be measured directly or indirectly using the LSPR of a metal
nanoparticle, described earlier by e.g. the group of Langhammer et al.?>?% For direct
sensing, the Pd NP changes its permittivity and the metal lattice expands due to the
uptake of hydrogen, which causes the change of the resonance conditions for the LSPR.
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Some metals, such as Pd show a very small LSPR, resulting in poor scattering, seen as
broad flat features in the scattering spectrum. Therefore indirect sensing could be a
means to overcome the issue, by using another metal NP as the sensor, to probe the
hydride-formation in their local vicinity.

In order to study physicochemical properties, which might depend on the size, shape
and facet of the Pd, particles needed to be synthesized in a bottom up approach, as our
implemented heterodimer formation. Lithography or other top-down methods typically
don’t allow us to create special crystal facets of different sizes and shape. The aim was
therefore to study single structures to learn about the hydride formation,
thermodynamics and hysteresis in colloidal Pd nanocrystals of different sizes and
shapes. This is the first attempt of sensing hydride formation in individual Pd NPs of
different sizes and shapes.

As mentioned in Chapter 1, the LSPR of the Au NP placed next to the Pd nanocrystal
is sensitive to permittivity changes of its surroundings. By adsorbing hydrogen in Pd
NPs, forming palladium hydrides, the volume of Pd expands and the permittivity
changes, which was detectable by a LSPR shift for the Au NP adjacent to it. Au shows
a strong absorption and can therefore act as an antenna, i.e. a nanoprobe for the
hydrogen adsorption in the adjacent Pd NP and as a signal transducer in dark field
scattering spectroscopy (DFSS) (Figure 22 Chapter 1). The hydrogen uptake and
release experiments were performed by Svetlana Syrenova in Christoph Langhammers
group at Applied Physics in Chalmers and the results are discussed below.
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Figure 47: A) a) Artistic view of H (red) dissociated and absorbs on Pd cubes, b, d, e)
SEM images of an Au-Pd arrangement; c) TEM image of the gap between the Au sphere
and a Pd cube; B) Representative scattering spectra of individual Au-Pd dimers. Blue
(red) correspond to the raw scattering data before (after) hydride formation, a) 45 nm
Pd cube; b) 18 nm Pd cube. The solid lines are the Lorentzian curve. The scale bar in
the inset SEM is 100 nm. c, d) corresponding time evolution of Admax during hydrogen
sorption and phase transition from metal to hydride for the particles shown in a,b.
Reprinted with permission from reference*'* (paper VII) © 2015 Nature Publishing
Group.

By exposing the heterometallic dimer to hydrogen gas, hydrogen molecules adsorb onto
the surface and dissociate into atoms, as depicted in Figure 47A. With time a shift of
the LSPR of the Au NP was observed, due to the hydrogen sorption and a phase
transition of the Pd (Figure 47B). Figure 47B visualizes the AL with an changing
partial hydrogen pressure over time, before and after the hydride formation. (The
following will go into detail about the different phases of the transition of Pd to PdH,
and after Figure 47 will be discussed further.)

After the dissociation into atoms, hydrogen diffuses into the metal lattice. Exposing Pd
NPs to a low partial pressure of hydrogen, results in the so called a-phase being formed,
which is a solid solution of hydrogen within the metal lattice. The amount of hydrogen
is low and the distances between the hydrogen atoms are large. By absorbing more
hydrogen, will result in the lattice being subjected to a local strain. At a certain
hydrogen pressure/concentration hydrogen-hydrogen interactions in the lattice will lead
to the formation of the so called B-phase, where a metal hydride is formed. At
intermediate hydrogen pressure, a- and B-phase will coexist, but an increasing pressure
of hydrogen will favor the B-phase. Being completely in the B-phase means that the
metal in entirely has been transformed into a metal hydride, see Figure 48C.
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Figure 48: p-Admax isotherm of a 45 nm Pd cube measured at four temperatures: red.:
333K, green 323 K, cyan 313, blue 303 K; B) Van't Hoff plots of corresponding
absorption isotherm, giving the thermodynamic informations, AH and AS. Here -AH=
32 kJ/molyy and -AS=77 J/K molu); Reprinted with permission from reference®'*
(paper VII) © 2015 Nature Publishing Group. C) Schematic of a p-C isotherm at
different temperatures, allowing to map the phase diagram of the hydride
formation/decomposition. Plotting the equilibrium plateau pressure allows for the
calculation of AH and AS according to the Vant't Hoff plots to the right.

As discussed, hydrogen exposure to a palladium NP, placed next to a Au nanostructure,
shifts the LSPR of the Au. Figure 47B (a and b) shows two characteristic scattering
spectra, before (blue) and after (red) hydride formation for two different Pd — Au NP
dimers. In all cases, the LSPR of the Au NP shifted clearly to shorter wavelengths,
Almax. By increasing the hydrogen partial pressure stepwise (Figure 47B (c and d)), a
continuous blue shift in the AAmax Was observed. Sufficient time must be allowed for the
new equilibrium state to be reached, as indicated by a stabile peak position. This means
that hydrogen was still being gradually absorbed into the so called a-phase (gas phase
of hydrogen). Later a jump in the signal could be observed, which corresponded to the
first order transition of the a-phase into the palladium hydride.

The thermodynamics of the hydride formation can be tracked be recording the Almax
with increasing hydrogen pressure. Plotting p-AAmax, Which is interpreted as a p-C
(pressure-composition) isotherm, showed the o —phase at low hydrogen pressures, 3-
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phase at high pressures and a phase transition as a sharp plateau (Figure 48). In the a
—phase, the attraction between the hydrogen atoms in the lattice is very weak, due to
the low loading of hydrogen, where hydrogen atoms are far away from each other. The
Pd lattice feels, nonetheless, an induced strain due to the hydrogen atoms residing in
the interstitial lattice. With an increasing hydrogen pressure, the hydrogen-hydrogen
attraction becomes stronger, hence more lattice strain is felt within the Pd NP. In the -
phase all sites are occupied by hydrogen. Figure 48A shows the measured data for a
Au-Pd dimer, and Figure 48C, a schematic of the transition between the two phases (a
and PB). The plateau describes the coexistence of both phases. In addition, an increase
in temperature resulted in an increase the pressure required for hydride formation.

Above the so-called critical temperature (T¢), the transition between the phases takes
place continuously, no plateau will be observed. The enthalpy (AH) and entropy (AS)
can be determined with the help of such isotherm measurements. The enthalpy and

entropy changes per hydrogen molecule during the hydride formation can be calculated

. , ) AH A .

with the Van't Hoff equation: In (pﬂ) = £ - ?S, see Figure 48B of a real measurement
0

and Figure 48C of a schematic representation.

Measuring several sizes of Pd cubes, in conjunction with an adjacent Au NP, showed a
small increase of AH with increasing cube size. Furthermore, the hysteresis can give
more information on the equilibrium pressure for the hydride formation (pabs) and
hydride decomposition (pges), which was determined from the absorption and
desorption at the single particle level for the first time. The pressure for the hydride
formation decreases with the cube size, whilst the pressure for the hydride desorption
seemed independent of size and shape of the palladium nanostructure. This behavior
implied that the transition from metal to metal hydride was asymmetric and size and
shape impact the absorption of hydrogen, not its release. As with the absorption of
hydrogen, It seems that the hydride decomposition also occurs via a coexistence
between a- and -phases until all the hydrogen has been released.

The hydrogen absorption properties of Pd NPs in size ranges from 20 to 110 nm did not
show large variation, however, it was thought that exploring the behavior of Pd NPs,
smaller than 10 nm, may show more significant changes. Smaller particles might show
further a decrease in AH.

These measurements showed that more information can be gained by measuring
colloidal heterodimeric structures for plasmonic nanospectroscopy compared to
ensemble measurements made on a surface. Reference this. Compared to ensemble
measurements, a very sharp hydride phase transition with very flat plateau can be seen.
The hysteresis was much wider than for polycrystalline bulk Pd or thin films. The
hydride formation enthalpy and entropy are nearly independent of size and shape.
Future work should therefore consider particles below 10 nm, which should in principle
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show a reduced enthalpy.?** Furthermore, Pd possessing different facets should be
investigated to see whether there is a difference in the hydrogen uptake,

Other room for improvement could be to use different shaped probes, such as Au
nanotriangles, thus giving bow tie structures in conjunction with Pd NPs (as opposed
to this study which used spheres) should enhance the signal by creating a more localized
hot-spot.

3.1.3 Assembly of Nanostructures on Surfaces (paper V)

A big topic aside from the assembly of nanostructures in solution is the controlled
assembly of NPs on surfaces. The fields of molecular electronics, microprocessors and
portable devices could benefit from miniaturization, using nanoparticles and/or
molecules.

Semiconductor based transistors invented in 1954 decreased in size from several um to
around 14 nm node transistors in 2014.3* It is still desirable to miniaturize computer
components in order to improve the computing power, and the speed. But as mentioned
earlier, top-down methods as photo lithography are reaching their limits.?%
Furthermore, some features, which are desirable like sizes and facets of particles cannot
be reached with top down methods and therefore the field of supramolecular chemistry
(bottom-up) is more of an attractive option.

Top down and bottom up methods each offer distinctive different advantages, such as
mass production via top down or molecular approaches via bottom up. In our field of
interest, combining both these methodologies was a very interesting prospect, having
the controlled colloidal synthesis of special faceted NPs and their assembly on top-
down produced solid surface in a selective and controlled way. The latter aspect could
be made possible by using e.g. patterned surfaces to self-assemble particle in specific
locations.

This leads to the idea of studying the positioning of NPs by electrostatic soft-template
directed self-assembly. The electrostatic interaction between a silicon surface and Pd
NPs covered in CTAB was studied. By passivating certain areas on a surface with lipid
in this case I-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine check name giving
bilayers which act as a soft template, which in principle block the adhesion of Pd NPs
to these regions.
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This in turn allowed for the selective placement of Pd particles to other desired areas
with nanometric space-resolution. Figure 49 visualizes the idea of positioning particles
at specific positions.

The first approach was to study the interaction between an unmodified SiO; surface and
the positively charged CTAB stabilized Pd NPs. Positively charged molecules and NPs
adsorb non-covalently to a silicon surface. By removing as much CTAB as possible,
but also maintaining Pd NP stability was necessary to achieve the greatest degree of NP
coverage on the SiO; surface. (Figure 50 a and b). These results were reproduced using
other NPs of different sizes and shapes as well. The cationic stabilizer CTAB promotes
the adsorption of NPs on silicon surfaces, see SI paper V.

Treatment of the SiO, surface giving the bilayer, prior to the NP deposition prevented
the adsorption of any NPs, see Figure 50c.

a)
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Switching focus to assembly upon a gold surface, cationic Pd NPs, in addition to other
positively charged NPs, could be achieved by firstly functionalizing the Au surface with
sodium 2-mercaptoethanesulfonate, MESNa. The anionic sulfonate group promoted the
adhesion of positively charged NPs, whereas otherwise they did not stick to an
untreated Au surface, (Figure 51). The thiol linker allows to bind to the Au surface, as
discussed earlier.

These two experiments lead to the idea to attach Pd cubes on distinct Au areas, such as
Au lines (Figure 52), patterned by e-beam lithography.
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CHAPTER 3 — Assembly of Nanostructures

By passivating the silicon surface with a lipid bilayer and activating the gold lines with
MESNa, the Pd NPs sticked to the lines, but not to the silicon surface.

Furthermore, the principle was used to form a heterometallic dimer of Au with Pd,
produced by a combination of top-down and bottom-up methods. Hole-mask colloidal
lithography was used to produce small Au discs, whereas Pd cubes were synthesized in
a bottom up approach. With this we combined two complementary features and
designed a prototype of a self-assembled plasmonic sensor (Scheme 11).

Scheme 11: Schematic of the self-assembly of colloidal Pd cubes on Au discs, fabricated
via hole-mask colloidal lithography. A) without passivating the silicon surface around
the Au disc, B) with passivation of the silicon and functionalization of the Au disc with
MESNa. Printed with the permission of Carl Wadell.

Figure 53 shows that a functionalization of the Au discs as well as a passivation of the
silicon surface was necessary to achieve selective attachment of the Pd NPs to just the
Au discs. As expected due to the previous experiments, the Pd cubes assemble
everywhere but not on the Au discs when the neither the SiO» surface nor the Au discs
had been treated (Figure 53a). Systematically, by only functionalizing the Au discs
with a molecular linker with a thiol anchor group and a negative charge (MESNa),
positively charged Pd NPs also now stick to the Au discs (Figure 53b). By passivating
the silicon with the lipid bilayer and functionalizing the Au surface with the thiol linker
Pd NPs attaching to just the Au discs, but not to the silicon anymore, as desired (Figure
53d).
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To achieve this, we developed a method to form stable lipid bilayers. Bilayers diffuse
laterally on open surfaces, therefore we fabricated a PMMA pool on the edges of the
silicon surface. This pool was needed to act as a container for all additives, see Figure
54, since bilayers need to be in solution during the whole process in order to keep stable.
We chose therefore to assemble everything by using source and drain pipettes
simultaneously and just exchange one solution with the next. With this technique we
functionalized the Au surface with MESNa first, washed away the remaining MESNa,
followed by the formation of the lipid bilayer, again washing the surface and finally the
deposition of the cationic Pd NPs. The gradual exchange of solvent was important for
all steps, to form stable lipid bilayers and have a stable Pd NP solution to assemble on
this surface, see Figure 54.

This method made it possible to exclusively position Pd NPs on 56% of the Au discs
and prevented the adhesion to silicon. Without MESNa only 5% of the discs were
functionalized with Pd. Furthermore, these structures were used to measure the hydride
formation of palladium for indirect plasmonic sensing applications, by the group of
Christoph Langhammer, Applied Physics, as described in Chapter 3.1.2., see paper
VII supporting information.

69



CHAPTER 3 — Assembly of Nanostructures
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Figure 54: Schematic view of the procedure of the layer-by-layer strategy for the
functionalization of top-down nanofabricated structures: a) starting surface, b-c)
MESNa functionalization of Au surface, d-e) SiO passivation with lipid bilayer, f-g)
colloidal deposition, h) final surface.

This approach has the capacity to combine bottom-up and top-down methods to make
it possible to, with high reproducibility and in a high yields, ordered assemblies of
nanostructures on surface. The simultaneous fabrication makes it applicable to build
independent devices on macroscopic surfaces, which is desirable when thinking about
miniaturization of devices for all kinds of applications.
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4

Concluding Remarks and Outlook

The overall aim of my thesis was to investigate different building blocks for the
assembly of nanostructures. We were especially interested in improving and developing
methods for the assembly of nanoparticle dimers, which may hold interest for a variety
of applications. This was achieved in one way by synthesizing a specific molecular
linker to assemble reversibly nanoparticle dimers in solution. Another route lead us to
combine top-down and bottom-up synthesis of dimeric structures on a surface, which
can be very interesting in order to build miniaturized nanodevices. We further
developed a versatile methodology for the assembly of heterodimeric particles
consisting of different sizes, shapes and composition by controlled electrostatic
aggregation. Some of these heterodimeric aggregates were further studied for use in
indirect plasmonic sensing, specifically for the hydride formation in palladium
nanoparticles.

Another focus had been to synthesize molecular linkers for plasmonic surfaces for the
purposes of studying a range of purposes; the plasmon-exciton interaction of a dye
molecule and a plasmonic structure; The binding strength of molecular complexes,
using a metal that access different oxidation states, self-assembled on a AFM tip and
on flat Au surfaces was measured; and new photolabile compounds developed and used
as molecular linker to build a LSPR based biosensor.

Weengaged in a broad spectrum of science, ranging from organic synthesis of
molecular linkers, demonstrating their function as sensors, and eventually the assembly
of dimeric particles and their applications.

All fields can be further improved and developed as already described in the different
chapters. So should e.g. the new alkyne photolabile group be tested for sensing
applications and a milder way for its cleavage be investigated, or the plasmon-exciton
interaction be shifted into the regime of strong-coupling to achieve a real hybrid system.
The assembly of heterodimers could be advanced to assemble all kind of non-metallic
particles with metallic nanoparticles, or to assemble triangular plasmonic NPs to
generate a stronger hot-spot to make them a better sensor or catalyst.
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We are currently working already on different approaches to achieve some remaining
goals. For example, the purity of dimeric structures, which can possibly be improved
using gel electrophoresis. The assembly of heterodimeric structures is expanding, by
using triangular Ag and Au structures to create a better hot spots, between a reactive
entity and the LSPR of these noble metal NPs. These have already be combined with
Pd, TiO, and Fe,O3 NPs, but may be extended to other catalytically active NPs. Our
group is also seeking an improved photolabile alkyne protecting compound, which can
generate a terminal alkyne under milder conditions and could soon in the short term
future be tested on surfaces. There is plenty of room of improvement and further
development, which is of interest for the future nanotechnology.
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eure Unterstiitzung und euer gutes Zureden, wdre ich nicht wo ich jetzt bin. Danke.
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