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1  Introduction 
 

The interaction of light with matter makes our life vivid and colorful. Natural dyes show 

an almost endless range of hues. The interplay between absorption, transmission, and 

scattering of light causes the variety of colors of flowers. Diffraction of light also leads to 

impressive colors, completely without dyes. Prominent examples of such dye less colors 

are the feathers of the birds of paradise or the iridescent colors in precious stones like the 

opal. The mankind was impressed by this colors ever since and tried to reproduce them. 

Besides textiles, furniture and buildings also glass was dyed from the ancient times on. 

The color of glass can be fabricated by adding metal ions to a glass melt, for example, 

copper oxide to get a blue hue.1 Next to the ion staining also adding colloids can deliver 

coloring. An example for colloidal staining is the red color of the middle-aged vitros. 

Adding gold to the glass melt leads to an intense red. The origin of the red lies in the 

dispersion of gold nanoparticles in the glass. 

 

Nowadays this colloidal gold or silver is in the focus of the scientist, in particular 

because of its optical and electrical properties. These noble metal nanoparticles are called 

plasmonic particles and show special features when exposed to light. The incoming 

electromagnetic wave of light interacts with the surface electrons of the metallic 

particles. A wave with the resonance frequency causes a dipole oscillation of the surface 

electrons of the colloid. This resonance is called localized surface plasmon resonance 

(LSPR). The LSPR of gold and silver colloids is in the ultra-violet and visible range of the 

electromagnetic spectrum and can be detected by conventional UV-Vis extinction 

spectroscopy. The LSPR position, the line shape, and intensity are dependent on various 

factors, for instance: size and composition of the colloid, shape, material, and particle 

environment.2-5 This dependency makes these particles interesting for fundamental 

studies but also for various applications, such as refractive index sensing,6, 7 calorimetric 

glucose detection,8 surface enhanced Raman spectroscopy,9, 10 wave guiding,11 or light 

harvesting in photovoltaic devices.12 However, tailoring the size, shape and composition 

of the metal colloids is crucial for use-oriented devices. There are many synthesis roots 

for plasmonic particles, which allow the fine-tuning of the desired resonance.13-21 Such 

plasmonic building blocks are promising candidates for bottom up surface modifications 

with new optical functionalities.  
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Various ways and techniques for surface structuring with nanoparticles have been 

reported in literature. The approaches can be divided into three main methods: 

lithography, template assisted self-assembly techniques, and self-assembly. Among these 

techniques the simplest way to arrange colloids is the self-assembly into hexagonal close 

packed layers, for example by spin coating. In the case, when more complex structures 

are of interest particles can be deposited into grooves of lithographically produced 

silicon masters22 or printed onto substrates with the aid of template assistance.23 Such 

template assisted self-assembly approaches often use replica molds of silicon masters. In 

addition, wrinkled assisted self-assembly24 is fully lithography free, where wrinkled 

elastomer substrates are used to arrange colloids into grid like pattern.  

A huge variety of colloidal building blocks have been used for surface modifications: e.g. 

bare spherical gold25 or silver particles,26 metal-metal27 or metal-dielectric core/shell 

colloids,28 cubes29, and rods.30 Particles with well-defined LSPRs in bulk could change 

their optical properties, due to alterations in the particle environment, for example 

refractive index changes, particle aggregation, drying effects, or redox processes.  

An alternative access route to tailored plasmonics is post-modification of pre-assembled 

colloids. Therefore, the precise control over the inter particle spacing or the patterning of 

the surface is essential. The named parameters are important, because plasmon coupling 

effects occur between gold or silver colloids, consequently the LSPR frequency changes. 

Additionally the position stability during the wet chemical post-treatment has to be 

guaranteed.  

 

The main goal of this thesis was the template assisted surface modification with hard-

core/soft-shell colloidal building blocks with respect to gain plasmonic functionalities. 

Two access routes were presented within this work: on the one hand, the plasmonic 

properties are controlled over the assembly process on the other hand over post-

modification of patterned surfaces. The chosen colloids for that purpose were hybrid 

particles consisting of hard silver, gold or silica cores and a soft polymer shell, namely 

poly(N-isopropylacrylamid) (PNIPAM). The optical properties were distributed by the 

noble metal core. The PNIPAM micro gel showed thermo responsiveness and further 

functions, which were essential for the success of this thesis. In particular, five properties 

of the PNIPAM shell were of importance: 
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• The soft, hence deformable character of the shell that allowed surface pattering 

inaccessible with hard nanoparticles.  

• The polymer shell stabilized the inorganic cores and allowed to work with high 

particle concentrations.  

• Further PNIPAM served as a spacer to control the inter core distance. 

• It immobilized the particles on the surface during wet chemical treatment. 

• Its permeability allowed the post-modification. 

 

The first part of this thesis addressed the soft character of PNIPAM, with focus on the 

wrinkled assisted assembly process of such hybrid particles, which were arranged into 

grid like structures. Silica-PNIPAM as well as Ag-PNIPAM particles were used. The 

attention was drawn to the soft shell and on the resulting surface structuring. Novel 

symmetries could be gained by using hard-core/soft-shell particles compared to hard 

colloidal spheres. We discovered a significant decrease in the inter particle distance, 

which is indeed caused by the presence of the shell. This was confirmed by Monte Carlo 

simulations. Additionally we showed that the compression of shell during the 

confinement assembly was sufficient to bring the Ag surface into plasmonic coupling 

distance. Moreover, the anisotropy of structuring was also found in the optical 

properties. This was shown by polarization dependent extinction spectroscopy. 

Thereafter we presented the large area organization of PNIPAM coated gold stars in 

linear assemblies. We presented the seed mediated preparation of the gold stars, based 

on the overgrowth of spherical Au-PNIPAM particles. The linear assemblies were also 

fabricated with the help of wrinkle assistance. The particle solution as well as the 

assemblies on glass were characterized optically via UV-Vis extinction spectroscopy. 

Such gold nanostars were suitable for surface enhanced Raman spectroscopy (SERS). The 

SERS efficiency was tested of the PNIPAM-stars lines, the stars randomly deposited and 

compared with films of the initially spherical Au-PNIPAM particles. Further, we 

demonstrated that gas phase sensing with PNIPAM-stars is possible. The air pollutant 

pyrene was detected, because it was trapped in the PNIPAM-shell, close to the gold-

surface where a high SERS enhancement took place. 

The idea of seed mediated overgrowth of spherical Au-PNIPAM particles was adapted 

to immobilized nanoparticle films in the next step. The goal was to create a chip based 

plasmonic library with a distinct gradient in gold core sizes. This gradient was produced 
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by coating a hexagonal monolayer onto glass with subsequent overgrowth. The shell 

guaranteed the spatial separation of the cores to avoid plasmon coupling. Additionally, 

position stability was ensured, due to physical linkage to the substrate. Further, the shell 

gave control over the overgrowth process, because of diffusion limitation. The gradient 

in diameter ranged from 10 to 60 nm and was achieved by using a dip-coater. The 

particle coated glass slide was fully immersed in a gold growth solution. The exposure in 

the growth solution determined the reaction time and hence the core dimensions. The 

uniaxial gradient was fabricated by withdrawing the macroscopic glass slide. Thus, we 

were able to investigate the core size as a function of time. This relation allowed core size 

predictions and an accurate adjustment of the core dimensions. During the overgrowth 

neither secondary nucleation, nor Ostwald ripening was observed. The continuous 

gradient in size follows a continuous gradient in optical properties, which was visible 

with the naked eye. The glass slide showed a color gradient from nearly transparent to 

deep purple. This color gradient has its origin in the different LSPR frequencies. This 

was quantified by UV-Vis extinction spectroscopy and the size dependent LSRP spectra 

were compared with theoretical predictions from Mie theory. 

 

The successful realization of plasmonic libraries with precise control over size and optic 

response demonstrated the potential of this concept. Nevertheless, there are cases where 

a precise characterization on the single particle level is necessary. Therefore, 

conventional UV-Vis spectroscopy is not suitable, due to the averaging measurements. 

Plasmonic properties of single colloids can be characterized by dark field spectroscopy.  

Thereupon, we developed the method of plasmonic libraries further and showed by a 

proof of principle that this concept can be brought to the single particle level. Therefore, 

the glass slides were structured with Ag- or Au-PNIPAM colloids using template-

assisted assembly. The templates were fabricated via replica molding of silicon masters 

with an elastomer. The particles were spin coated in the resulting grooves of the 

elastomer and deposited to glass slides with a wet transfer step. The inter particle 

spacing was 15 µm and could be adjusted over the master geometry. This pattern was 

well suitable for single particle dark field spectroscopy. We investigated the surface with 

AFM and compared the same area with dark field microscopy images. We showed for 

the first time dark field spectra of silver-core/PNIPAM-shell particles.  

Such substrates are a cost efficient basis for further post-modifications and could be 

successfully used for combinatorial investigations, monitoring of catalytic processes, 
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creating libraries, and establishing standards. Not only gradients in core size but also in 

shape (stars, rods) and composition (gold-core/silver-shell) could be reached by 

combining PNIPAM-core/shell-particles with wet-chemical post-modification. This 

concept could also be expanded to linear assemblies of Au- or Ag-PNIPAM. A small 

coupling effect could be enhanced by gradiential post-modification and investigated 

with respect to core diameter. 
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2 OVERVIEW OF THIS THESIS 
 

This Chapter will provide a general overview of the thesis. First, an introduction to the 

theoretical background and a brief review of the status of the field will be given in 

Chapter 3. The Chapter 4 to 6 present the published results of this thesis. Chapter 7 gives 

an outlook in the form of a manuscript, which is prepared for future publication. My 

entire scientific attempts target the template assisted and controlled surface modification 

with hard-core/soft-shell plasmonic building blocks to achieve optical functionalities.  

 

2.1 Outline and Synopsis 
The main scope of my work was the creation of functional surfaces with hard-core/soft-

shell plasmonic colloidal building blocks in respect to optical surface functionalization. 

With the focus on: 

• bottom up surface modification using self-assembly and template assisted self-

assembly techniques 

• introducing optical functionalities via plasmonic nanoparticles 

• tailoring the optical properties via the deposition or using post-modification 

The colloid types, which were used in this framework, were hard-core/soft-shell 

colloids. An advantage of such hybrid particles is the plurality in functionalities. The 

optical properties were introduced by the usage of either silver or gold nanoparticles as 

core material encapsulated in a micro gel. Silver and gold show a so-called "localized 

surface plasmon resonance" (LSPR). This resonance lies for both noble metals in the ultra 

violet and/or in the visible range of the electromagnetic spectrum. This resonance is also 

present if such particles are deposited on surfaces. This makes them interesting for 

sensing applications, for instance surface enhanced Raman spectroscopy (SERS) and 

refractive index sensing or other applications like wave guiding, light harvesting in 

photovoltaic or monitoring catalysis. The soft polymeric poly(N-isopropylacrylamide) 

shell contributed a multitude of other advantages. First, the shell prevents the plasmonic 

cores from aggregation, which made it possible to work with highly concentrated 

dispersions important for large-scale coatings. Second, the micro gel is stimuli 
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responsive to changes in temperature, pH, or ionic strength. Additionally it acts as a 

spacer for the plasmonic cores to keep their individual optical properties. The shell is 

also soft and deformable which allowed surface modifications inaccessible for hard 

sphere systems. Also important was the permeability of the gel network, which allowed 

a chemical post-modification of the core. These hybrid particles provided a manifold tool 

kit for functional surface modifications. This thesis will demonstrate how glass surfaces 

can be altered with these colloidal building blocks for a variety of purposes.  

The wrinkle-assisted assembly for Ag-PNIPAM is introduced in Chapter 4. We 

assembled the core-shell particles in lines and discussed the influence of the shell on the 

structuring. We showed, that anisotropy was not only found, due to the linear alignment 

within the wrinkles, but also on a smaller length scale within the particle lines. The Ag-

cores were not closed packed like in a system of hard spheres, because this was 

prevented by the shell. This linearity of the structure and the deformability of the shell 

caused also changes in optical properties, as we were able to detect with polarization 

depended UV-Vis spectroscopy. The quality of these grid like patterns was good, even 

on the cm scale, which we proved with laser diffraction experiments.  

Chapter 5 demonstrates how this wrinkle-assisted assembly technique could be adapted 

to gold-star/poly-N-isopropylacrylamide particles, which were promising candidates for 

"surface enhanced Raman spectroscopy" substrates. The wrinkle-assisted assembly 

enabled the controlled deposition, which was important for SERS evaluation. The stars 

were fabricated by changing the core size and shape of spherical Au-PNIPAM using a 

seed mediated synthesis route in bulk, possible due to the permeability of the micro gel. 

The shell acted again as spacer to prevent undesired touching of plasmonic particles. 

Further, the SERS efficiency of the PNIPAM-stars was presented. Moreover, the sensing 

potential of the SERS active gold stars  encapsulated in the adhesive PNIPAM shell was 

demonstrated.  

We developed the idea of particle post-modification further in Chapter 6. Although the 

post-modification was applied to particle films already assembled on the substrate. For 

this study we spin coated the gold-PNIPAM particles and achieved a monolayer in 

hexagonal arrangement. The post-modification was performed via dip coating which 

enabled the fabrication of a plasmonic gradient. This offered access to plasmonic 

screening substrates and plasmonic libraries. These plasmonic gradients could only be 
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establish, if the plasmonic cores were well and regular separated from each other - 

realized through the PNIPAM shell. Furthermore, the shell provided the necessary 

adhesion during the core enlargement.  

The idea of plasmonic screening substrates was picked up in Chapter 7, but with focus 

on single particle spectroscopy. It was shown that the transfer of gold and silver 

core/shell colloids was also possible with elastomer templates molded from a silicon 

master. This setup offered the opportunity of micrometer inter particle spacing. This was 

in particular necessary for single particle dark field spectroscopy. The shell itself 

enlarged the net particle size, which facilitated the deposition in the elastomer templates. 

The shell did not hinder the detection of single particle spectra and would provide the 

position stability for further post-modification treatments as shown in Chapter 6. 

  

2.2 Content of the Individual Chapters 

2.2.1 Hard-core/soft-shell and their impact on surface modification 

Chapter 4 addresses the wrinkle-assisted assembly of core-shell particles and the 

influence of the soft shell on the particle assembly. Surface structuring with plasmonic 

hybrid particles was the central point of this thesis. A lithography free approach was 

realized by advancement of the wrinkle-assisted confinement assembly (CA) to the so-

called spin-release (SR). CA was performed by drying a polystyrene dispersion under 

confined conditions between a flat and a wrinkled substrate.1 In contrast to this 

technique the particles were pre-assembled in the SR approach into the grooves of the 

wrinkles (Scheme 2-1a) and transferred with the help of capillary forces to a wetted glass 

slide (b). This pre-alignment was necessary, to gain a uniform surface patterning using 

the hard-core/soft-shell particles. After drying, the wrinkle could be removed and the 

particles were deposited on the target substrate (c). 
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Scheme 2-1 Depiction of the spin-release process. The particle suspension is put on top of the wrinkles (a) 
and excessive particles are removed by spin coating. The particles remaining in the cavities of the substrate 
are brought into contact with a wetted glass slide (b). After drying, the wrinkled PDMS stripe is pealed of 
and the particles are transferred to the glass (c). (Taken from Chapter 5) 

 

Inorganic-core/soft-poly(N-isopropylacrylamide) particles were used for the anisotropic 

patterning. First studies were made with silicon core particles. They were utilized as a 

model system to investigate the influence of the shell and reaction parameters to the 

assembly process. The dependency of the core size and the wavelength was discussed in 

the means of achievable geometries, ranging from single lines, over zigzag lines to 

pyramidal structures. The soft shell played an important role in the assembly process. It 

facilitated the same deposition geometry independent of the core size or the core 

material. Furthermore, the shell enabled the formation of structures, which were 

hexagonal, but non closed packed with angles deviating from 60°, regarding the core 

positions. This was reproduced by Monte-Carlo simulations. The calculations could 

reconstruct the assemblies, but only if a soft repulsive shell potential was added to the 

hard sphere potential of the cores. Otherwise the particles were arranged like hard 

spheres as in Ref. 1, thus in a hexagonal closed packed pattern (see Figure 2-1). 

 
Figure 2-1 Comparison of the local structure from a SEM image of a Ag-PNIPAM sample (middle) and 
Monte Carlo (MC) simulations (left and right). On the left hand side, the simulations are performed for hard 
spheres. The particles are arranged in a hexagonal closed packing (with some defects). On the right hand 
side are the results for MC-simulation presented, modeled with an additional soft potential. The cores are 
separated from each other and the inter particle angle is distorted and deviates from 60°. The shell is not 
drawn for the sake of clarity. (Taken from Chapter 4) 

The presence of the shell prevented the cores from touching but the deformability of the 

shell led to smaller inter core distances than expected for just touching shells. This made 

this system interesting for plasmonic applications. To verify this fact Ag-PNIPAM 

colloids were successfully deposited via the spin-release. Polarized UV-Vis absorbance 
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spectroscopy proofed that the anisotropy of the patterning was also visible in the optical 

properties. It was further demonstrated that the shell compression during the assembly 

was sufficient to reveal a small plasmonic coupling effect.  

 

2.2.2 Application of PNIPAM core/shell particles - SERS platform for gas phase sensors 

In Chapter 5 the fabrication of a new platform for gas phase sensing is presented. The 

sensors were PNIPAM coated nanostars (NS) substrates and the sensing method was 

surface enhanced Raman spectroscopy (SERS). At first, the synthesis of the gold star-

core/PNIPAM-shell particles was demonstrated and is depicted in Scheme 2-2. The 

spherical gold-PNIPAM hybrid particles (a) were used as seeds for the post-modification 

into gold stars. These precursor particles were added to a solution of 

poly(vinylpyrrolidone) (PVP) and N,N-dimethylformamide (DMF) (b). The PVP is 

allowed to diffuse trough the loose PNIPAM network overnight. After washing, a gold 

salt solution was added (c) and the stars started to grow as indicated by a color change 

of the solution from slight pink to blue (d).  

Scheme 2-2 Synthesis of gold star-core/PNIPAM-shell particles. Spherical gold-core/PNIPAM-shell 
particles are used as seeds (a). The seed particles are dispersed in ethanol. This colloid dispersion is added to 
a solution containing PVP in DMF and kept overnight (b). After washing, the gold salt solution is added (c) 
and the stars start to grow within 20 min. 

 

The color change confirmed not only the geometrical metamorphosis but also the 

appearance of plasmon coupling between the spikes of the stars. The near field 

enhancement due to the spikes and the hot spots caused by plasmon coupling could be 

used for SERS sensing. The hybrid particles were deposited to a substrate via spin-

release. This ensured a large and homogeneous coverage in linear assemblies. The shell 

acted as spacer between the single particles to avoid additional inter particle coupling 

and prevented direct touching, which would deactivate the hot spots. Raman mapping 

of benzenethiol (BT) with NS-PNIPAM lines, randomly deposited NS-PNIPAM and 

spherical Au-PNIPAM particles revealed that the Raman intensity of the line patterning 
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was slightly lower than for the randomly deposited NS. Nevertheless the line pattern 

showed less intensity fluctuation and remained constant over the whole range. The 

spherical particles showed nearly no Raman intensity. The shell had not only the role of 

a spacer during the assembly, but trapped also molecules out of the gas phase. This was 

verified by detecting the air pollutant pyrene. A comparison between PNIPAM coated 

NS and bare NS is presented in Figure 2-2. The vibrational SERS pattern of the pyrene 

was only detected if the experiment was performed with NS-PNIPAM particles. Bare 

nanostars were unsuitable, because the analyte could not bind at the surface of the stars, 

which was essential for SERS detection. 

 
Figure 2-2 Comparison of the SERS sensitivity between PNIPAM coated NS (red line) and uncoated NS 
(black line) to detect the air pollutant pyrene. Just the PNIPAM coated NS deliver a usable SERS spectra. 
(Taken from Chapter 5) 

 

2.2.3 Plasmonic gradient materials 

The focus of Chapter 6 was on post-modification of structured surfaces to change the 

optical properties. The focus lied in particular on the creation of a plasmonic gradient, 

useful for the fabrication of screening substrates or libraries. In this work, a monolayer of 

gold-core/PNIPAM-shell particles was assembled onto microscopy slides using spin 

coating. The large shell (diameter = 250 nm) acted as spacer like in Chapter 4 and 5 and 

400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600 
Raman shift / cm-1
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ensured an equidistant spatial separation between the small plasmonic cores 

(diameter = 15 nm) (see Figure 2-3a). 

 
Figure 2-3 (a) depicts the hybrid particle (not drawn to scale), consisting of a gold core encapsulated in a 
permeable PNIPAM micro gel shell. (b) to (d) present the growth procedure, whereas the shell is not drawn 
for the sake of clarity: a monolayer of hexagonal packed particles (b) is heated to 200 °C for particle 
immobilization. The slide is dipped into a gold growth solution containing gold-salt, surfactant, and 
reducing agent (c). Pulling the substrate out lead to the gradient in core size (d). The digital camera image in 
(e) shows that the change in size can be seen with the naked eye, due to a color change from nearly 
transparent to deep purple. The scale bar is 2 cm. 

The permeable network of the shell allowed further the post-treatment for the 

enlargement of the cores. This was already shown in Chapter 5 and in Ref. 2, but 

compared to this approaches, the post-treatment was performed on substrate and is 

depicted in Figure 2-3b to d. The glass slide (b) was placed in a gold growth solution, 

containing gold salt, reducing agent, and surfactant. A thermal treatment prior to the 

growth procedure guaranteed the immobilization of the particles. The size modification 

was performed via dip coating (c). The substrate was fully immersed in the growth 

solution and pulled out immediately. Due to the different exposure times a size gradient 

from small at the top (diameter = 9-15 nm) to large (diameter = 56 nm) at the bottom was 

achieved (d). It was also found that the growth process was diffusions limited, as a result 

of the PNIPAM shell. The modified substrate showed a color gradient from nearly 

transparent at the top to deep purple at the bottom, visible with the naked eye as 

illustrated in Figure 2-3e. 
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Figure 2-4 Optical characterization of the plasmonic gradient substrates. (a) shows the experimental results 
of the LSPR position dependent on the core size measured by UV-Vis extinction spectroscopy. The 
measurements are performed under air (red squares) and in water (black circles). (Taken from Chapter 7). 
(b) shows the apparent surrounding refractive index as expected from the experimental LSPR positions 
observed against air (red squares) and in water (black circles). (Taken from Chapter 7) 

Position dependent UV-Vis extinction spectroscopy is presented in Figure 2-4a. The 

measurements under air verified an overall LSPR shift of 26 nm. The influence of the 

refractive index 𝑛 was investigated, by UV-Vis measurements in water. The inter play 

between shell, surrounding medium, and core size led to an unexpected trend for the 

LSPR shift, which is explained by calculating an average surrounding refractive index 𝑛�. 

As shown in Figure 2-4b 𝑛 changes for different core sizes. We compared our findings 

also with calculations from Mie theory.  

 

2.2.4 Plasmon-core/PNIPAM-shell particles - spectroscopy on the single particle level 

We showed in Chapter 6 how post-modification of core-PNIPAM shell particles can be 

used to generate a continuous gradient in core size and correspondingly in plasmonic 

properties. The scope of Chapter 7 was the evolution from assembly studies to single 

particle characterization via dark field scattering spectroscopy. For this spectroscopy 

technique, the particles have to be separated from each other over a distance of multiple 

micrometers. This was achieved by template assisted self-assembly. The templates were 

elastomer replica molds of silicon masters. The inter-pillar spacing of the masters was 

15 µm. In this way, templates with holes were created into which the particles were 

deposited with the help of spin coating. The transfer from PDMS to glass was performed 

according to Chapter 4 using a wet transfer step. The structure of the PDMS master was 
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accurately reproduced on glass by the deposited colloids (see Figure 2-5a and b). Ag-

PNIPAM as well as Au-PNIPAM particles were used. The dark field spectroscopic 

analysis (d) for the single Ag-PNIPAM particle matched well the UV-Vis measurements 

of assemblies and proved that the shell did not hinder the scattering signal of the 

particles. The particles of the dark field analysis were also compared with atomic force 

microscopy (AFM) height images on the same spot, which allowed an allocation between 

spectra and particle (c and d).  

 

Figure 2-5 Transmission dark field microscopy images of Ag-PNIPAM particles on glass. (a) shows a 
representative image with 10x magnification. (b) shows the framed area with a 40x magnification. A single 
Ag-PNIPAM particle is presented in (c) and is the digital zoom of the framed area in (b). The corresponding 
scattering spectrum of this particle is presented in (d). 

 

2.3 Individual Contributions to the Presented Publications  
The results and findings presented in this thesis are the result of collaborations with 

other scientist and have been published as indicated. In the following, the contributions 

of each coworker are specified. The asterisks denote the corresponding author. 
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Chapter 4 is reproduced with permission. Copyright 2012 by the Royal Society of 

Chemistry. This work was published in Nanoscale (2012, 4, 2491-2499) under the title : 

Wrinkle-assisted linear assembly of hard-core/soft-shell particles: impact of 

the soft shell on the local structure 

by Mareen B. Müller, Matthias Karg, Andrea Fortini, Thomas Hellweg and 

Andreas Fery* 

I carried out all the experiments, except of the particle synthesis, I performed all SEM 

and AFM measurements, evaluated the data and wrote the publication. Matthias Karg 

synthesized the nanoparticles, built the laser pointer setup for the diffraction 

measurements, wrote parts of the manuscript, and was involved in scientific discussions. 

Andrea Fortini conducted the Monte-Carlo simulations and wrote parts of the 

manuscript. Thomas Hellweg corrected the manuscript and was involved in scientific 

discussions. Andreas Fery supervised the project and corrected the manuscript. 

 

Chapter 5 is reproduced with permission. Copyright 2012 by the American Chemical 

Society. This work was published in Langmuir (2012, 28, 9168-9173) under the title: 

Large-Area Organization of PNIPAM-Coated Nanostars as SERS Platforms for 

Polycyclic Aromatic Hydrocarbons Sensing in Gas Phase 

by Mareen B. Müller, Moritz Tebbe, Daria V. Andreeva, Matthias Karg, Ramon 

A. Alvarez Puebla, Nicolas Pazos Perez and Andreas Fery* 

I carried out the sample preparation, analyzed the morphological structure with AFM, 

did some of the SEM measurements and parts of the data evaluation. I was also involved 

in the optical characterization and wrote parts of the manuscript. Moritz Tebbe and 

Daria V. Andreeva were involved in scientific discussions. Matthias Karg synthesized 

the seed particles, wrote parts of the manuscript, and was involved in scientific 

discussions. Ramon A. Alvarez Puebla did parts of the SERS characterization, was 

involved in scientific discussions, and corrected the manuscript. Nicolas Pazos Perez 

synthesized the star shaped nanoparticles, performed the SERS measurements, and did 

some of the SEM measurements. Andreas Fery supervised the project and corrected the 

manuscript. 
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Chapter 6 is reproduced with permission. Copyright 2014 by the American Chemical 

Society. This work was published in ACS Nano (2014, 8, 9410-9421) under the title: 

Plasmonic Library Based on Substrate-Supported Gradiential Plasmonic 

Arrays 

by Mareen B. Müller, Christian Kuttner, Tobias A. F. König, Vladimir V. Tsukruk, 

Stephan Förster, Matthias Karg* and Andreas Fery* 

The project was initialized by Matthias Karg and me. I carried out all the experiments, 

imaged all samples via AFM and SEM, did the optical characterization via UV-Vis 

spectroscopy, evaluated the data, and wrote the publication. Christian Kuttner evaluated 

the effective diffusion coefficient by the incremental regression method and wrote parts 

of the publication. Tobias A. F. König conducted the Mie theory simulations, was 

involved in scientific discussions, and wrote parts of the manuscript. Vladimir V. 

Tsukruk, Stephan Förster, and Matthias Karg were involved in scientific discussions. 

Matthias Karg contributed the initial core/shell-particles and wrote parts of the 

manuscript. Andreas Fery supervised the work and corrected the manuscript. 

 

Chapter 7 is unpublished work and prepared for future publication under the title: 

Producing a Plasmonic library of plasmonic-core/PNIPAM-shell particles on 

the single particle level 

by Mareen B. Müller, Kirsten Volk, Tobias Honold, Xingzhan Wei, Matthias Karg, 

Paul Mulvaney, and Andreas Fery* 

The work was initialized by Andreas Fery, Matthias Karg and me. I carried out all 

experiments except of the particle synthesis. I recorded the AFM images, the dark field 

pictures and made the spectroscopic dark field investigation. I evaluated all data and 

wrote the manuscript. Kirsten Volk synthesized the silver-PNIPAM particles and 

characterized them via TEM. Tobias Honold carried out the synthesis of the Au-PNIPAM 

particles and did their TEM characterization. Xingzhan Wei fabricated the silicon 

masters with electron beam lithography. Matthias Karg, Paul Mulvaney, and Andreas 

Fery were involved in scientific discussion. Andreas Fery supervised the work. 
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3 STATUS OF THE FIELD AND THEORETICAL 

BACKGROUND 
This chapter provides an overview of the status of the field and a basic theoretical 

background necessary to understand the results of this work. The first part of this 

chapter will focus on techniques for surface modification. Especially the template 

assisted self-assembly will be explained, since it played an important role for 

nanoparticle assemblies within this work. In the second part, the attention is drawn on 

plasmonic nanoparticles. These metallic particles offer many ways to alter optical 

properties of substrates. In this context, the fundamentals of the so-called localized 

plasmon resonance will be discussed as well as ways to control and manipulate this 

optical feature. The last part is dedicated to hard-core/soft-shell particles, explicitly 

inorganic hard-core/PNIPAM-shell particles. These were the colloidal building blocks 

used in this work.  

3.1 Surface modification: From self-assembly to template 

assisted self-assembly 
The modification of surfaces can be divided into four main groups: conventional 

"lithography techniques", "soft lithography" (SL), "template assisted self-assembly" 

(TASA) and simple "self-assembly" (SA). The focus of the following chapter will be on 

SA, SL and TASA. 

The conventional so-called "hard lithography procedures" play an important role in the 

semiconductor industry for computer chip fabrication, but are not scope of this work. 

The attention of the reader is drawn to the existing articles, which address "extreme 

UV"1, "soft x-ray"2, "e-beam writing"3 or "focused ion beam"4 lithography. 

Also not in the focus of this work, but worth to mention are methods like direct printing 

methods for instance "laser direct writing"5 or "inkjet printing"6. 

 

3.1.1 Particle self-assembly 

Self-assembly is defined by IUPAC as the "[s]pontaneous and reversible organization of 

molecular entities by noncovalent interactions" whereas "[...] a system of pre-existing 

components, under specific conditions, adopts a more organized structure through 
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interactions between the components". This "[...] noncovalent interactions are van der 

Waals interactions, π–π interactions, electro static interactions, and hydrogen bonds".7 

Also, gravity or capillary forces can drive the components - namely colloids - into 

regular structures. SA is an easy way to functionalize surfaces to introduce new 

properties ranging from self-cleaning substrates to optical applications.  

 

The simplest self-assembly particle deposition is sedimentation, due to gravity with 

subsequent drying (Figure 3-1a). The accelerated process is centrifugation (b). The 

particles can be pressed to a surface (c) trough filtration. In addition, deposition via 

convective assembly (d), due to capillary forces is possible. Thin films can be generated 

by flow cells. Solvent free methods like pressing procedures are also suitable to force 

particles into ordered structures.8 

 

 

Figure 3-1 Methods to produce colloidal assemblies 
through (a) sedimentation, (b) centrifugation, (c) 
filtration, (d) convective assembly via dip coating, (e) 
thin film preparation in flow cells or (f) particle 
pressing. "Reprinted from Publication, Current 
Opinion in Colloid & Interface Science, 5, Orlin D. 
Velev, Abraham M. Lenhoff, Colloidal crystals as 
templates for porous materials, 56-63, Copyright 
2000, with permission from Elsevier" Ref. 8 

 

An accelerated sedimentation process combined with capillary forces is spin coating. The 

particle suspension is put on the substrate and rotated with the velocity v𝑠𝑝𝑖𝑛 until the 

solvent is evaporated and a particle film remains. The aim is a smooth homogeneous 
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layer. This is achieved by centrifugal force with the velocity v𝑟𝑎𝑑𝑖, which induces the 

spreading of the film. Over time, the film thickness is reduced until nearly all solvent is 

evaporated. Close to the dried state, the evaporating solvent between the particles causes 

a strong convective flow between the colloids, which pushes them together. The layer 

thickness and coverage are dependent on viscosity, drying rate, particle concentration, 

surface tension, acceleration, spin speed and wettability of the substrate.9, 10 Figure 3-2a 

shows the spin coating process for a particle suspension on a flat substrate. It is 

important to adjust the parameter in the right fashion, else the surface coverage after 

drying is too low (b) or too high (c) and not uniform and homogeneous (d) like desired.  

 

Figure 3-2 Drawing of the spin coating process depicted in (a). The rotation with the velocity vspin introduces 
the centrifugal force, which spreads the suspension with the velocity vradi. During spin coating, the solvent 
evaporates and the particle deposition takes place. Incorrect parameters lead either to a lack (b) or to 
excessive (c) particles on the substrate. Well adjustment leads to 2D or 3D colloidal crystals. 

Spin coating is a fast and cost-efficient method but limited to planar 2D or 3D 

hexagonally close-packed arrays. To gain patterns that are more complex it is necessary 

to use chemically or topographically prestrucutred templates, which will be discussed in 

the next sections. 

3.1.2 Soft lithography: micro contact printing  

Soft lithography is a versatile tool to change the surface properties of substrates in 

multiple fashions. The technique we focus on is the so-called micro contact printing 

vspin
evaporation

vradi

a

b

c
d
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(µCP). It was developed in the 1990s in the group of G. Whitesides and is meanwhile one 

of the most important soft lithography techniques.11, 12 The basic concept of this soft 

lithography method is the replica molding of a master with silicon based elastomers, 

mostly polydimethylsiloxane (PDMS). The principle is depicted in Scheme 3-1(a) to (f). 

In the first step (a), the viscous PDMS is poured on a silicon master with the desired 

topography. After the PDMS is cured it can be stripped off the master (b) having the 

inverse profile. Following, the ink is placed on top of the PDMS (c). After removing 

excessive ink and drying, a layer of the dye covers the surface of the stamp (d). The ink is 

deposited to the desired substrate by contact printing (e), whereas the ink is transferred 

just from the contact areas (f) and stays in the grooves of the stamp. 

Scheme 3-1 Depiction of the µCP procedure according to Whitesides. The elastomer polydimethylsiloxane 
(PDMS) is poured on a silicon master for replica molding (a). After curing the PDMS, it can be stripped (b) 
off and inked with a dye (c). After removing the excessive ink and drying (d), the PDMS stamp is brought 
into contact with the substrate (e). After certain contact time the PDMS is pulled off and the ink remains at 
the contact areas (f). Adapted with permission from Ref. 12. 

 

Many substances can be transferred in this manner. Originally, a layer of thiols was 

transported to a gold surface in a patterned fashion.11 But also fluorescently labeled 

DNA13 has been used to pattern surfaces. This technique can also be utilized to generate 

chemically structured substrates e.g. to produce wettability contrasts or electrostatically 

patterned surfaces.14 Using a "ink pad" covered with particles makes also particle 

transfer printing possible, for instance shown by K. Tae-Ho for quantum dot displays 

fabrication.15  

Particles have not mandatorily to be transferred from the top of the PDMS structure, but 

can also be deposited into the grooves via SA techniques followed by a transfer step. This 

technique is called "template assisted self-assembly" It is called this way, because the 

self-organization of the particles is assisted by topographically structured templates. A. 

Rey et al. presented in their work a way of aligning gold nano rods into channels of 
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PDMS. The particle deposition was controlled over the channel geometry.16 PDMS 

templates with spherical grooves have been used by the group of H. Wolf for gold rod 

deposition.17 

Further, the utilization of PDMS is not mandatory. Y. Yin et al. presented how 

monodisperse polystyrene colloids can be assembled into different geometries with the 

help pf convective assembly using a fluid cell with a lithographically structured wall.  

 
Figure 3-3 SEM images polystyrene particles assembled in various ways. Dependent on the geometry of 
used templates and the particle size, different types of particle arrangements could be achieved. (A) shows 
flower like aggregates, squares (B), short chains (C), zigzag lines in (D), triangular clusters (E) and short 
chains were the template consist of two cylindrical holes with different sizes. "Reprinted with permission 
from Y. Yin, Y. Lu, B. Gates and Y. Xia, Journal of the American Chemical Society, 2001, 123, 8718-8729. 
Copyright 2001 American Chemical Society." Ref. 18 
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As shown in Figure 3-3 A to F various ways of particle clusters are possible just by 

changing the template and varying the particle size. The authors presented spherical (A) 

and square like (B) arrangements, short particle chains (C) and (F), zigzag lines (D), and 

triangular clusters (E).18  

The here discussed examples of µCP and TASA, showed that these techniques are 

mighty tools for surface structuring. Unfortunately, they are still bound to 

lithographically produced masters with their limitations and disadvantages (time 

consuming, expensive, special equipment, harsh conditions, limited scalability...). How 

this lithography dependency can be overcome will be explained in the next paragraph. 

 

3.1.3 Lithography free template assisted particle assemblies - Wrinkle-assisted assembly  

Surface wrinkled substrates. To overcome the usage of replica molding of PDMS from 

lithographically produced masters one can operate with substrates which are fabricated 

by controlled wrinkling. The term of controlled wrinkling describes the targeted usage of 

mechanically instabilities. This is performed by working with elastomers. A widespread 

used elastomer is the PDMS (Scheme 3-2a) which is exposed to oxygen or UV/ozone 

plasma under stretched conditions. During plasma oxidation (b) of the PDMS, the 

surface is transformed into a rigid glass like layer. After strain release, sinusoidal 

wrinkles appear perpendicular to the direction of the strain (c).19 This happens, due to 

different elastic moduli between the rigid thin layer on top and the elastic PDMS 

underneath. The elastomer bends if a critical compression stress is applied. The driving 

force for the bending under compression is the lower mechanical energy for a bended 

surface than for a flat surface. If the critical compression is now applied to the elastomer 

in the two-component system, it answers with wrinkling instead of bending, because the 

mechanical deformation energy is lower for a wrinkled surface than for the bend surface. 

To achieve permanent wrinkles the rigid layer is produced while the elastomer is 

stretched. After releasing the strain, the wrinkles are formed.20-22  

During strain release of such substrates defects and cracks can occur. Defects are named 

points where two wrinkles merge into one, also-called Y-junctions. The faster the strain 

is released the more Y-defects arise. The reasons for the appearance of these defects are 

E-moduli fluctuation within the elastomer, caused during the preparation. To fabricate 

the PDMS a Pt-catalyzed polymerization of the alkenylsiloxane crosslinker with the 
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hydrosiloxane oligomers is done.23 This polymerization is uncontrolled and local 

inhomogenieties in the cross-linking density and hence in the E-moduli are formed.24  

Decreasing the release speed, the rate of the defects decreases but the number of cracks is 

increased. Cracks are understood as fractures in the glass like layer perpendicular to the 

wrinkles. The elongated elastomer is compressed perpendicular to the strain orientation 

depending on the Poisson ration of the material. During relaxation, the stress in the 

elastomer is released just in the direction of the strain. Thus, the constricted areas expand 

again and cause the breaking of the rigid surface.20 

Scheme 3-2 Schematic drawing of the wrinkling process. The PDMS elastomer stripe (a) is elongated with a 
certain strain ε and exposed to oxygen plasma under strained conditions (b). The generated oxide layer h is 
thin (nanometer range) compared to the thickness D (millimeter range) of the PDMS. After relaxation (c) 
sinusoidal wrinkles occur. (Adapted from Chapter 5) 

 

The wavelength 𝜆 and the amplitude 𝐴 of the sinusoidal wrinkles can be controlled over 

the thickness ℎ of the glass like layer. A prediction of the wavelength and amplitude is 

possible with the following equations: 

𝜆 = 2𝜋ℎ �
𝐸𝑙(1 − 𝜈𝑠2)

3𝐸𝑠(1 − 𝜈𝑙2)�
1/3

   3-1 

𝐴 = ℎ��
𝜀
𝜀𝑐
− 1�   3-2 

Whereas 𝐸𝑙 is the elastic modulus of the rigid layer and 𝐸𝑠the modulus of the elastomeric 

bulk phase. The Poission ratios are given with 𝜈𝑙 respectively 𝜈𝑠, 𝜀 is the strain and 𝜀𝑐 the 

critical value for buckling and has to be exceeded.19 Equation 3-1 shows that the 

wavelength of the wrinkles is only dependent on the thickness of the rigid layer and is 

adjustable over the plasma exposure time. This means that increased exposure time 

leads to thicker layers and therefore to longer wavelengths. The amplitude of the 

wrinkles follows also this trend but is also influenced by the strain (Equation 3-2)14 This 

mathematical descriptions are only valid for uniaxial strain and deformations below the 

plastic deformation of the elastomer.25 The precision of the predictions is also dependent 

on the accuracy of the determination of the elastic moduli and the Poisson ratios.  

Wrinkled assisted assembly (WAA) of nanoparticles. The just discussed wrinkles can 

be used as templates for TASA. C. Lu et al. reported for the first time the direct 
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deposition of spherical polystyrene particles in wrinkles using dip coating. The authors 

dipped wrinkles oriented parallel to the withdrawal direction into the particle solution.26 

In this way linear particle chains along the grooves have been achieved. This technique is 

also transferable to other types of particles as presented in Ref. 27, where the authors 

showed that optical anisotropic substrates can be fabricated using this technique but 

with gold nano rods. 

Further development of the WAA was made also in the Fery group, where the particle 

alignment was directly done on a glass substrate over confinement assembly (CA). In 

this case, a particle suspension was placed on a clean glass slide and confined between 

the planar glass surface and the sinusoidal wrinkled PDMS stripe. After solvent 

evaporation, the particles remain in the linear fashion of the wrinkles. The patterning can 

be controlled over the particle concentration. Low volume particle fraction give single 

lines, high volume fractions result in pyramidal like 3D structures.28 

Colloids can also be deposited via spin coating into to grooves of the wrinkles and 

transferred to substrates with contact printing.29 However printing particles out off the 

wrinkles is limited to the ratio between the depth of the wrinkle and the height of the 

particles. It is necessary that the particle height exceed the depth of the grooves of 

wrinkles. This limitation can be overcome by adding a wet transfer step and is discussed 

in detail in Chapter 4 were the so-called "spin release" (SR) plays a central role. In this 

work, silver and silica-core/PNIPAM-shell particles were used for surface patterning. 

This technique was also applied to the surface structuring with gold-stars/PNIPAM-

shell particles of Chapter 5. If the target substrate is prestructured before particle 

transfer, more complex patterns can be achieved. This is presented in Ref. 30, where a 

glass slide was modified with µCP to generate hydrophilic/hydrophobic contrasts with 

subsequent particle transfer over SR. 

 

  



Chapter 3 

27 

3.2 Plasmonic nanoparticles  
This chapter focuses on the basics of plasmonic nanoparticles. In the first part, the optical 

phenomenon of the plasmon resonance and their physical background will be briefly 

discussed. Subsequently an introduction in manipulation of these optical properties will 

be given. 

3.2.1 Plasmon resonances of metallic nanoparticles 

Metal nanoparticles exhibit special properties compared to their properties in bulk, due 

to their small sizes. For example, gold and silver NPs in the size regime of five to several 

100 nm show special optical properties in the frequency range of visible light.31, 32 These 

optical properties can be detected as colors and result from of the interaction of 

electromagnetic waves with the conduction band electrons of the metallic particle. The 

wave, this is the corresponding electric field, initiates a displacement of these electrons 

away from the positive atomic cores toward the particle surface, which yields a 

polarization at the particle surface (see Figure 3-4). The electron displacement is 

compensated by the restoring Coulomb forces of the positively charged atomic cores. 

This results in an oscillating dipole and is induced by the electric field and can be 

described by the dipole momentum 𝐩 and the polarizability 𝛼:  

𝐩 = 𝛼𝜖0𝜖𝑑𝐄0    3-3 

with 

𝛼 = 4𝜋𝑟3
𝜖𝑚 − 𝜖𝑑
𝜖𝑚 + 2𝜖𝑑

    3-4 

Whereas 𝜖0 is the dielectric constant of the vacuum, 𝜖𝑑 of the medium, 𝜖𝑚 of the metallic 

particle, 𝑟 the radius of the NP and 𝐄0 is the external electric field. It is important to keep 

in mind that the dielectric constant of a metal is a complex quantity and varies over the 

frequency 𝜔. Damping, which the surface electron experience during their oscillations 

are incorporated in the imaginary part of 𝜖𝑚. This frequency dependent dielectric 

constant 𝜖𝑚(𝜔) is consolidated in the Drude model: 

𝜖𝑚 = 1 −
𝜔𝑝2

𝜔2 + 𝑖𝛾𝜔
   3-5 

with the plasma frequency 𝜔𝑝 and the electron collision frequency 𝛾 within the crystal 

lattice.  
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The polarization of a metallic sphere is resonantly enhanced if the term 𝜖𝑚 + 2𝜖𝑑 of 

Equation 3-4 is close to zero, hence polarizability is maximal. That means the dielectric 

constants of the metal has to fulfill −𝜖𝑚 = 2𝜖𝑑.32-34  

Equation 3-3 is just valid for particles smaller than the excitation wavelength. If the 

particle size is increased to dimensions in the range of the wavelength of the incoming 

light higher modes like quadrupole or octapole modes have to be taken into account.33, 35  

The described dipole resonance can be detected as the so-called localized surface 

plasmon resonance (LSPR). The electric field induced by the plasmon oscillations at the 

LSPR frequency leads to an enhanced near-field in close proximity of the particle 

surface.34 The resonance itself depends on different factors like size, shape, material of 

the NP, and on the surrounding environment.36, 37 These factors will be discussed in 

more detail in section 3.2.2 and 3.2.3.  

 

Figure 3-4 Schematic drawing of an incoming electromagnetic wave interacting with a gold NP and the 
following polarization of the surface electrons. The polarization of the surface electrons leads to an 
oscillating dipole, which is in phase with the electric field of the incoming light. (Not drawn to scale) 
Adapted with permission from L. M. Liz-Marzán, Langmuir, 2006, 22, 32-41. Copyright 2006 American 
Chemical Society. Ref. 38  

The LSPR phenomenon for spheroids is mathematically described by the Mie-theory 

using Maxwell´s equations under the right boundary conditions.39 The exact description 

is not scope of this thesis and the reader is referred to the known textbooks given in 

Ref. 34, 40. To investigate the optical properties of gold nanospheres UV-Vis 

spectroscopy is commonly applied. The measured extinction (or absorbance) 

corresponds to the cross-section 𝜎𝑒𝑥𝑡 of the particles. The extinction cross-section is the 

sum of the scattering 𝜎𝑠𝑐𝑎𝑡 and absorption 𝜎𝑎𝑏𝑠 cross-section: 

 𝜎𝑒𝑥𝑡 = 𝜎𝑠𝑎𝑐𝑡 + 𝜎𝑎𝑏𝑠    3-6 

and 

𝜎𝑠𝑐𝑎𝑡 =  
𝑘4

6𝜋
|𝛼|2 =

8𝜋
3
𝑘4𝑟6 �

𝜖𝑚 − 𝜖𝑑
𝜖𝑚 + 2𝜖𝑑

�
2

   3-7 

𝜎𝑎𝑏𝑠 =  𝑘Im[𝑟] = 4𝜋𝑘𝑟3Im �
𝜖𝑚 − 𝜖𝑑
𝜖𝑚 + 2𝜖𝑑

�   3-8  
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with the polarizability 𝛼 and 𝑘 = 2𝜋/λ.33 Equation 3-7 and 3-8 show clearly that the 

LSPR position depends on the polarizability and on the material of the nanoparticle. 

Therefore, the LSPR positions of different metals are located at different wavelengths 

and are size and shape depended. 

 

3.2.2 Controlling the LSPR via the intrinsic properties of nanoparticles 

As mentioned in the previous section, we will now discuss the intrinsic properties of the 

plasmonic particles. The light induced displacement of the surface electrons of the 

plasmonic nanoparticle strongly depends on its polarizability and size. If the particle 

diameter is increased, the electrons can be displaced easier so less excitation energy is 

needed to induce the oscillating dipole. This results in a red shift of the LSPR in the 

spectrum.31-33, 35, 37, 38, 41, 42 

But not only the size also the shape of particle influences the polarizability and therefore 

the form and position of the LSPR.43 Considering a rod-shaped particle, one will find two 

LSPR peaks - the so - called longitudinal and transversal LSPR peaks. This occurs, due to 

the anisotropic shape. The electrons can be displaced alongside the long (longitudinal) 

and short (transversal) axis of the rod.38,44 Other particle geometries can also be obtained 

by wet chemical approaches, for example: dodecahedra,45 cubes,46 stars,47 triangles,48 

dumbbells,49 and nano shurikens.50 Each of this examples show its own characteristic 

LSPR in the sense of shape, features and position in the spectral range.32, 37, 51 

As visible from Equation 3-3, the polarizability also depends on the kind of metal as 

described by the dielectric constant 𝜖𝑚. This means, that a silver sphere with a diameter 

of 48 nm shows a LSPR at 440 nm,35 which is blue-shifted compared to a gold sphere 

with the same diameter (LSPR at 533 nm42).52 This circumstance can be utilized for 

further tuning the optical properties of the particles. Depositing a silver layer on gold 

changes the spectra. Dependent on the thickness of the silver layer, the LSPR of gold can 

be continuously blue shifted. Increasing the silver layer further leads to a mixed gold 

and silver spectrum with features of both species. Additional silver deposition shields 

the gold signal completely and the silver characteristics dominate the optical 

properties.53,54 Also gold and silver NP alloys can be synthesized,38, 55 or strongly catalytic 

active metals like platinum56 or palladium57 can be grown on the plasmonic NPs. 

Platinum or palladium itself do not show a LSPR in the UV-Vis range but their presence 
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alter the refractive index in the close vicinity of the plasmonic particle and therefore it`s 

optical response. This is also the fact if a dielectric material like silica58, 59 is grown on the 

plasmonic NPs. Reference 60 and 61 give a good overview of manifold synthesis and 

combinations of core/shell particles which are realized so far. The latest core/shell 

particles are examples, how plasmonic properties can be altered not only by 

manipulating the gold or silver colloid itself, but by extrinsic factors like the surrounding 

refractive index. The control of plasmonic properties using external tools will be scope of 

the next section. 

 

3.2.3 Controlling plasmonic properties via external stimuli 

We discussed already how the optical properties of the plasmonic NPs could be altered 

by manipulating the particle itself by changing its size, geometry, and material. Another 

tool to control the LSPR is the coupling behavior of the particles. If two plasmonic 

colloids are brought closer together than 2.5 times their diameter,62 the surface electrons 

start to interact with each other. This interaction means that one particle feels the electric 

field 𝑬0 of the incident light and the near field 𝑬𝑛𝑒𝑎𝑟 of the neighboring particle. Thus the 

plasmon oscillations of the individual particles are coupled and the following 

modulation of the electric field introduce a shift in the LSPRmax position of the 

ensemble.52 This shift is dependent on the polarization of the incident light.27,63 

Considering a dimer of gold spheres, the polarization can be set parallel to the inter 

particle axis or perpendicular. The first polarization leads to a red shift of the LSPR, the 

second case shifts the LSPR slightly into the blue, with respect to the plasmon resonance 

of an individual sphere. The coupling strength is depending on the number of 

neighboring particles and the inter particle distance. In coupled plasmonic structures, 

the local field is strongly enhanced in between the contributing particles. So-called "hot 

spots" are formed.64 This can be used for sensing applications and will be discussed in 

section 3.2.4. As mentioned above coupling takes place at distances smaller 2.5 times the 

diameter and increases exponentially with decreasing spacing. This universal scaling 

behavior is independent of particle size, shape or metal and is well known as the so-

called "plasmon ruler". This general trend is shown in Figure 3-5. Jain P. K. et al. 

simulated the LSPR shifts of gold discs of different diameters and decreasing inter 

particle distances. All LSPR shifts (normalized to the LSPR position of an individual 

disc) follow this exponential power law, which represents the increasing coupling 
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strength for reduced gap sizes.65 Nevertheless, the LSPR changes drastically if the 

plasmonic colloids a brought into contact, due to quantum effects.66 

 

 

Figure 3-5 Simulation of near field LSPR frequency shifts of 
gold discs (normalized by LSPRmax of an isolated disc) for three 
different diameters with increasing inter disc distance under 
polarized light. The polarization is set parallel to the inter 
particle axis. The LSPR shifts represent the inter particle 
coupling strength. The coupling strength decreases 
exponentially regardless of the disc diameter, which leads to 
the so called "plasmon ruler". "Reprinted and adapted with 
permission from P. K. Jain, W. Huang and M. A. El-Sayed, 
Nano Letters, 2007, 7, 2080-2088. Copyright 2007 American 
Chemical Society." Ref. 65 

 

 

Another influence on the position of the LSPR frequency is predicted by Equation 3-3. 

The dielectric constant 𝜖𝑑 of the surrounding medium influences the polarizability of the 

surface electrons of the NP and hence the resonance momentum of the oscillating dipole. 

This results in a refractive index sensitivity of the LSPR.38, 67 Heo C.-J. et al. showed with 

their lithographically fabricated gold nano-forest, that the reflectance color of the arrays 

can be tuned from red over green into blue by increasing the refractive index 𝑛 of the 

applied solvents (see Figure 3-6).68 In general the LSPR shifts to higher wavelength by 

increasing 𝑛 and vice versa.69 This macroscopic color effect is not the single benefit, which 

can be drawn out of this sensitivity. Under the right conditions single molecule detection 

is possible. If a molecule attaches to the surface of a plasmonic NP it changes the average 

refractive index in the near field of the particle and therefore the position of the LSPR 

frequency.70  
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Figure 3-6 Color change of a lithographically fabricated gold nano-forest with increasing refractive index, 
due to different solvents. (a) and (b) show the results for different nano-forest geometries. Reproduced from 
Ref. 68 with permission from The Royal Society of Chemistry. 

In addition, the deposition of plasmonic NPs to substrates or encapsulation in dielectric 

silica shells58, 60 or polymers like poly(N-isopropylacrylamide) (PNIPAM)71-73 alter their 

optical response. That the deposition of Au-PNIPAM core/shell-particles on glass 

substrates can alter the optical response even further will be scope of Chapter 6. 

3.2.4 Applications for plasmonic nanoparticles 

The last sections demonstrated how optical properties of plasmonic colloids could be 

changed or altered, due to external factors. This toolkit makes plasmon NPs attractive for 

sensing applications. A prominent example in this context is the "surface enhanced 

Raman spectroscopy" (SERS). Since Chapter 5 is also about SERS this sensing technique 

should be explained in more detail. Not only sensing applications are in the focus of the 

scientist, but also wave guiding or performance enhancement of photovoltaic devices.  

Surface enhanced Raman spectroscopy is used for chemical and biological molecule 

detection. The detection is based on the inelastic light scattering of molecules in the 

vicinity of plasmonic materials. During scattering, a photon with the frequency 𝜔𝑖𝑛𝑐 

interacts with the molecule and excites vibrational and rotational states. The molecule 

itself emits thereupon a photon with the Raman shifted frequency 𝜔𝑒𝑚. Compared to 

absorptive processes the emission of the photon is rapid and the direction of the wave 

vector is changed. Therefore, one calls the emitted photon the scattered photon. The 

frequency difference 𝜔𝑖𝑛𝑐 − 𝜔𝑒𝑚 hence the energy difference of the light can be detected 

and is characteristic for each molecule. This process can also be considered as a dipole 

oscillation similar to the theory of surface plasmon of section 3.2.1. The incoming light 

induces the dipole in the molecule, which emits the light. The intensity of the emitted 
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light is dependent on the polarizability of the molecule. Important for the following 

consideration are the Raman polarizability 𝛼𝑅 and the Raman dipole 𝑝𝑅. Unfortunately, 

the Raman polarizability is small, hence scattering effects are inherently weak and the 

detection is difficult.74-76 Therefore, the Raman signal has to be enhanced. This is done by 

using plasmonic materials, which can be gold or silver particle in solution, deposited to 

surfaces, or lithographically fabricated substrates. As already discussed, the intensity of 

the near field 𝐄𝑛𝑒𝑎𝑟 of coupling metallic particles can be much higher than 𝑬0. This is of 

course just true, if the incoming light has the right excitation frequency for the plasmonic 

NP. This local field enhancement, the so called "hot spots", excite the Raman dipole 

oscillation with a higher magnitude than 𝐄0. Therefore, the emitted energy is higher and 

the Raman signal stronger. The enhancement of the signal depends for example on: the 

local field enhancement, the distance between the analyte and the metal hot spots (which 

should be small), the Raman polarizability of the NP, the energy of the used light source, 

and the excitation overlap of light and LSPR.76 

The enhancement of the signal is given by the enhancement factor EF calculated by 

�𝑬𝑛𝑒𝑎𝑟,ℎ𝑜𝑡
𝑬0

�
4
.74 The EF lies typically in the range of 1010 or 1011 and is theoretical predicted 

even up to 1014.77, 78 

SERS instruments find application in scientific laboratories but also in forensics, 

pharmaceutics, food industry and many more. R. Mukhopadhyay gives an impressive 

overview of instruments and their applications in his product review article.79 Besides 

these commercial available instruments, a lot of fundamental research is in progress. The 

reader is referred to recently published review articles for further information.74, 77, 80-82  

 

The LSPR sensitivity regarding the dielectric environment can be directly utilized for 

refractive index sensing. This was shown by J. J. Mock et al. for silver particles, by A. 

Steinbrück et al. for gold-core/silver-shell particles or as presented in Figure 3-6 for the 

nano-forest. Changes in the refractive index surroundings can be caused by chemical 

reactions, appearance of different gases, or adsorbed molecule. Nevertheless, not only 

the changes of the environment can be detected also the plasmonic particle itself can be 

altered during reactions as shown by H. Jang and D-H. Min. They used Ag-Au alloy 

particles to monitor the presence of glucose in human blood or urine. A mixture of the 

alloy particles and the enzyme glucoseoxidase was added to the blood and urine. If 
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glucose was present, the enzymatic reaction between glucose and the enzyme produces 

H2O2 as a byproduct, which in turn etches the silver of the alloy particle. This results in a 

porous gold sphere with a different LSPR than for the alloy particle. Shifts of up to 

180 nm have been achieved.83  

Another route for monitoring a reaction via LSPR shifts is the selective aggregation of 

plasmonic NPs. The gold or silver surface is functionalized with enzymes or proteins 

that can bind to specific target analytes. The appearance of this analyte can act as a cross 

linker between the NPs, triggering the aggregation and inducing the LSPR shift, due to 

inter particle coupling.84 Bimolecular sensors can be fabricated over a wide range, 

because functionalization with bio receptors is straightforward. In particular if the 

receptors carry a free thiol group. Thiols have an affinity towards gold and bind strongly 

to it. Such sensors can also be fabricated on chips, which increases their field of 

application further.85 

 

Plasmonic systems are not only useful for sensing applications, but also for wave 

guiding. This is in the scope of the scientist, because data transfer via light is appealing 

for new fast types of computer chips. To transport information with light the beam has 

to be confined and sent along a path. Normal optical fibers are limited in their down 

scaling, due to the diffraction limit that is roughly λ/2. Plasmonic substrates are not 

limited in such ways.86 One of the first and rather simple setups for long range plasmon 

polariton wave propagation was reported by E. Lisicka-Shrzek, where a metal stripe was 

sandwich between two insulators.87 Meanwhile S. P. Burgos et al. showed that the light 

waves can also be guided along a grid using v-groove channels milled into a layer of 

gold.88 Another access to plasmonic wave guides is the usage of plasmonic particles in 

coupling distance. This was reported by Atwater, where the authors used chains of gold 

and silver NPs.89,90 Among lithographical generated structures also bottom up 

approaches are in the focus of scientist. So showed R. M Dickson et al. the coupling of 

photons into the plasmon mode of silver and gold nanowires.91 And Link et al. showed 

the propagation of surface plasmon polaritons in silver particle chains around a sharp 

corner of 90°.92  
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Another promising utilization of plasmonic NPs is the implementation in photovoltaic 

devices. P. Reinicke et al. showed that embedding Ag or Au NPs into a layer of the 

organic hole conductor Spiro-OMeTAD of a photovoltaic device can generate a photo 

current.93 There are numerous types of devices, for instance: dye-sensitized,94,95 

organic,96,97 or perovskite98,99 solar cells. Depending on the structure and configuration of 

such a device, the role of the plasmonic colloids can be different. On the one hand they 

can be used as backscatterer, which would extend the retention period of the photons. 

On the other hand they can serve as additional light absorbers. For example to absorb 

light in the spectral range where the unmodified device has a lack. This is feasible, due to 

the LSPR manipulation over the particle material, size, geometry and over deposition 

patterning. The interested reader is referred to the recent review article of Ref. 100 for 

further information of plasmonic structures in photovoltaic systems. 
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3.3 Inorganic core/soft PNIPAM shell particles 
This section will introduce hard-core/soft-shell composite materials. In particularly 

hard-core/soft-polymer shell colloids. The core is always an inorganic material that can 

be silica, gold or silver. The soft shell is always PNIPAM a stimuli responsive micro gel. 

The synthesis of such hybrid NPs can be found in Ref. 71, 101, and 102, but is similar for 

all named core/shell systems and is schematically presented in Scheme 3-3d. The surface 

of the previously synthesized cores is modified with a functional molecule. This 

molecule has to contain two functional groups (Scheme 3-3a). One, which has to interact 

with the surface of the inorganic core, and the second that provides functionality, 

namely a double bond, to allow the emulsion polymerization of N-isopropylacrylamid 

(NIPAM) around the cores (Scheme 3-3b). The functionalization of the core is performed 

with methacryloxypropyltrimethoxysilane (MPS) in the case of silica particles and 

butenylamine hydrochloride (BA) in the case of gold and silver. Further, the presence of 

the crosslinker N,N-methylenebisacrylamide (BIS) is necessary to achieve a polymer 

network (Scheme 3-3d).  

Scheme 3-3 (a) to (c) depicts the used molecules for the synthesis of hard inorganic-core/soft-PNIPAM shell 
particles. (d) depicts the schematic synthesis steps necessary to form such hybrid particles. The core is first 
functionalized with butenylammine hydrochlorid (for gold or silver) or with 
methacryloxypropyltrimethoxysilane (silica). Subsequent the shell is polymerized in an emulsion 
polymerization with N-isopropylacrylamide in the presence of the cross linker N,N-methylenebisacrylamide.  

 

Such hybrid particles offer a multitude of advantages and possibilities for applications. 

On the first place, the shell acts as a stabilizer for the core, which is protected from 
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aggregation in this way. Furthermore, PNIPAM itself is thermo responsive. That means 

that the polymer reacts with a volume phase transition (VPT), if the temperature is 

changed - it reacts with shrinking or swelling.  

The volume phase transition temperature (VPTT) describes the temperature where the 

VPT takes place or in other words the solubility of a polymer changes. Initially a 

polymer is insoluble in a solvent, but by increasing the temperature, the solubility can be 

increased. Once the VPTT is reached, the polymer passes the cloud point and is 

dissolved. That means the solvent interacts with the polymer chains and the network is 

fully swollen. This temperature is called the upper critical solution temperature. 

Normally the solubility increases with increasing temperature. However, this is different 

for polymer solutions. Increasing the temperature further, the polymer solution passes 

another cloud point, which means that the solvent changes from good to bad. This 

temperature is called the lower critical solution temperature (LCST).103  

The solvent for PNIPAM at room temperature is water and the interaction forces 

between the polymer and water are very high, due hydrogen bonds between the amide 

groups and water. The network is fully swollen. The LCST for PNIPAM is 32 °C. Over 

this temperature, the hydrogen bonds break and the interaction forces between the 

polymer chains are higher than between polymer and water. This results in a shrinking 

of the network.104 This process is reversible and can also be triggered by pH or ionic 

strength.105  

Besides this responsibility, the polymer network acts as a spacer for the cores. This is 

important for long-term stability of suspensions or for particle assembly on surfaces. As 

described in section 3.2.3 distance control is essential in plasmonic systems and can be 

easily gained with core/shell particles.41, 72, 102, 106, 107 In addition the PNIPAM shell is not 

rigid. The network is soft, compressible, and deformable in contrast to the inorganic 

core. The benefit of this property is used to break the symmetry in colloidal surface 

coatings and presented in Chapter 4 where core/shell NPs are transferred to glass 

substrates via SR. An additional aspect of the soft network is its permeability. Small 

molecules can diffuse through the meshes of the microgel and post-modifications of the 

cores are possible and in the scope of Chapter 5 and 6. 
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Abstract 

This article addresses wrinkle-assisted assembly of core–shell particles with hard cores 

and soft poly-(N-isopropylacrylamide) shells. As core materials we chose silica as well as 

silver nanoparticles. The assembled structures show that the soft shells act as a separator 

between the inorganic cores. Anisotropic alignment is found on two length scales, 

macroscopically guided through the wrinkle structure and locally due to deformation of 

the polymer shell leading to smaller inter-core separations as compared to assembly on 

flat substrates without confinement. The structures were analysed by means of scanning 

electron microscopy. Radial distribution functions are shown, clearly highlighting the 

impact of confinement on nearest neighbour distances and symmetry. The observed 

ordering is directly compared to Monte-Carlo simulations for hard-core/soft-shell 

particles, showing that the observed symmetries are a consequence of the soft interaction 

potential and differ qualitatively from a hard-sphere situation. For the silver-poly-(N-

isopropylacrylamide) particles, we show UV-Vis absorbance measurements revealing 

optical anisotropy of the generated structures due to plasmon coupling. Furthermore, 

the high degree of order of the assembled structures on macroscopic areas is 

demonstrated by laser diffraction effects. 

 

4.1  Introduction 
Ordering of nanoparticles into assemblies which are well-defined on the nanoscale and 

at the same time of macroscopic dimensions is one of the most pressing challenges in 

materials science for various reasons: if particles aggregate in a random fashion, often 

uncontrolled electronic coupling effects occur, which result at best in less defined 

electronic, optical or magnetic properties or—in worse cases—in a complete loss of the 

specific nanoparticle effects and a re-entrance of bulk material properties. Creating 

ordered nanoparticle structures is one means of avoiding such uncontrolled coupling. 

On the other hand, well defined assemblies may give rise to novel collective effects due 

to spatial periodicity like optical bandgaps. Finally, local coupling between nanoparticles 

can—if controlled by precise arrangements— provide an excellent means for controlling 

interactions with electromagnetic radiation like for example hot-spot formation,1 

plasmonic properties2 or optical metamaterials effects.3  
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Still, many strategies which are well suited for ordering of colloidal particles of micron-

dimensions fail for nanoscale particles, due to scaling of the underlying interactions.4 

Out of the ‘‘nanoscale-compatible approaches’’ template assisted selfassembly (TASA) 

offers a great potential for creating 1D, 2D and even 3D structures.5, 6, 7, 8 Substrates that 

are topographically structured can guide surface assemblies of particles and—via 

colloidal epitaxy effects—even control three-dimensional colloidal crystal structures. 

However, as template dimensions have to be on the order of a few particle diameters to 

provide sufficient constraints for high fidelity, technological effort for TASA increases 

when particles approach diameters below the wavelength of visible light. Rather than 

conventional lithography, time and resource consuming techniques like electronbeam 

lithography,9 extreme UV interference lithography,10 focused ion beam milling11 or 

nanoimprint-lithography12 are necessary. We have recently introduced wrinkle-assisted 

selfassembly as a lithography-free alternative to classical TASA.13 Wrinkles develop if an 

elastic material coated with a thin, hard layer is exposed to strain.14 Permanently stable 

wrinkles can be achieved if the coating is applied in a strained state, such that wrinkles 

form upon relaxation. Wrinkles can, depending on the particular strain situation, show a 

variety of patterns/symmetries including parallel grooves, chevron topologies or spoke 

and target-like patterns.15 They can reach periodicities as low as 200 nanometres and be 

replicated in a variety of materials.16 In addition, topographical patterns can be 

translated into chemical ones by microcontact printing.17, 18 Therefore both 

topographically and/or chemically structured templates can be created without 

lithography.  

Our preliminary results demonstrate that the quality of particle ordering is sufficient to 

control even effects like hot-spot formation, which is known to be extremely sensitive to 

the interparticle distance.1 Particle structures can be predicted using Monte-Carlo (MC) 

simulations.19  

In this manuscript, we expand our approach for the first time from hard particles to 

particles consisting of a hard core and a soft gel-shell.20 This core–shell architecture is of 

interest, because it provides a means of controlling inter-particle distances in the sub-

optical wavelength regime, which is a prerequisite for controlling plasmonic coupling 

effects.21, 22, 23, 24, 25, 26 Furthermore, numerous experiments, simulation and modelling 

results show dramatic differences in terms of phase behaviour, structure and colloidal 

stability between hard-core and hard-core/soft-shell systems.20, 27, 28, 29, 30  
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≥In the present manuscript, we focus on the impact of the particle’s architecture on the 

resulting assembly symmetry. We show that particle assemblies templated from core–

shell particles display novel symmetries as compared to hard-sphere systems studied 

previously.19 In particular, we observe a massive reduction of inter-particle spacing in 

the wrinkles as compared to an unconfined situation. Monte-Carlo simulations are in 

good agreement with experiments indicating that the effects are indeed a consequence of 

the soft nature of inter-particle interactions. In addition, we provide first evidence that 

particle assemblies show local coupling resulting in polarisation dependent plasmonic 

properties.  

 

4.2 Experimental  
Materials  

Polydimethylsiloxane (PDMS) was prepared by polymerisation of the monomer Sylgard 

184 using the Sylgard 184 curing agent, from Dow Corning, USA. For the microgel 

synthesis the N-isopropylacrylamide (NIPAM; Aldrich, 97%), N,N 0-

methylenebisacrylamide (BIS; Fluka, ≥99.5%), and potassium peroxodisulfate (PPS; 

Fluka, ≥99.0%) were used as received. Tetraethoxysilane (TEOS; Aldrich, ≥98.0%), 

methacryloxypropyltrimethoxysilane (MPS; Aldrich, 98%), ethanol (Scharlau, 96%), 

silver nitrate (Ajax Chemicals, 99.9%), D-(+)-glucose (Sigma-Aldrich, ACS reagent), 

ammonium hydroxide (Aldrich, ACS reagent, 28–30% in water), sodium hydroxide 

(ChemSupply, Analytical reagent), sodium dodecylsulfate (SDS; Ajax Laboratory 

Chemicals, Techn.), and butenylamine hydrochloride (BA; Aldrich, 97%) were used 

without further purification. Water was purified by a MilliQ system (Millipore).  

4.2.1 Silica–PNIPAM synthesis  

The synthesis of silica–PNIPAM core–shell particles was performed as reported 

elsewhere.31 Briefly, silica nanoparticles of 35 and 100 nm in diameter were prepared by 

the well-known protocol by Stöber.32 Prior to the growth of the polymer shell, the silica 

particle surface was functionalised with MPS. Finally, the functionalised silica 

nanoparticles were used as core particles in the polymerisation of NIPAM and BIS 

leading to core–shell particles with single silica cores and homogeneous PNIPAM shells.  
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4.2.2 Ag–PNIPAM synthesis  

Silver nanoparticles of 90 nm in diameter were synthesised by reduction of silver nitrate 

in an aqueous glucose solution.33 5 mL of a freshly prepared 0.04 M ammonia solution 

were quickly added to 25 mL of a 2 mM AgNO3 solution in a conical flask of 100 mL 

volume. The solutions were mixed by gentle shaking and then left aside for 30 minutes. 

Then, 20 mL of a 25 mM aqueous glucose solution were added followed by the quick 

addition of 0.9 mL NaOH solution (25 mM). Again, just gentle shaking of the flask was 

used to mix the reactants. Within the first minutes after the addition of NaOH, the 

dispersion turned yellow, became turbid and finally a strongly turbid, yellow-gray 

particle dispersion was obtained. After 48 hours most of the particles sedimented and 

the almost clear, colourless supernatant was removed carefully. The sediment was 

redispersed in 45 mL of water and 45 mL of a SDS solution (0.6 mM) were added under 

stirring with a magnetic stirrer. 20 minutes after the SDS addition, 15 mL of an aqueous 

BA solution (3 mM) were added under continuous stirring. The amine group of the BA 

has a strong affinity towards silver and the double bond of the alkyl chain is a reactive 

functionality for the following polymerisation step. 20 minutes after the addition of BA, 

the particle dispersion was kept in the dark for 48 hours without stirring. Again, the 

supernatant was removed leaving 1 mL of a concentrated dispersion of functionalised 

silver nanoparticles. The polymer coating of the silver particles was done by 

precipitation polymerisation of the monomer NIPAM and the cross-linker BIS in the 

presence of the functionalised silver particles. This protocol is based on the recipe we 

employed for polymer coating of gold nanoparticles published elsewhere.34 Briefly, 

45 mg NIPAM and 16 mg BIS were dissolved in 20 mL of water in a 50 mL three-neck 

round bottom flask equipped with a reflux condenser. The solution was degassed with 

nitrogen for 20 minutes and heated to 70 °C using an oil bath. Under continuous stirring 

with a magnetic stirrer, 0.9 mL of the functionalised Ag nanoparticles were added 

dropwise. 10 minutes after the addition of the Ag nanoparticles, the polymerisation was 

initiated by the quick injection of 0.5 mg potassium peroxodisulfate dissolved in 0.5 mL 

of water. The reaction was allowed to proceed for 2 hours at 70 °C. Finally, the 

dispersion was cooled down to room temperature. Cleaning of the particles was 

performed by repeated centrifugation (30 minutes at 2000 rpm) and redispersion in 

water. Three centrifugation/ redispersion steps were performed. The resulting particle 

dispersion is strongly turbid with a deep yellow colour.  
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4.2.3 Preparation of wrinkles  

The PDMS for the wrinkled substrates was prepared by polymerising the monomer and 

the curing agent in a weight ratio of 10 : 1. The mixture was cast into a clean and plane 

glass dish of 2 mm height. After pre-polymerisation overnight, the PDMS was cured for 

5 h at 80 °C. The cross-linked PDMS was cut into pieces of 0.6 x 3 cm². To gain the 

wrinkled surface, the PDMS strip was fixed in a custom made stretching apparatus and 

was stretched 25% of its primary length. The stretched strips were exposed to oxygen 

plasma for 600 s or 300 s at 0.2 mbar (Plasma Activate Flecto 10 USB) with a power of 

100 W. After 5 min of cooling, the stripes were allowed to relax. 

4.2.4 Particle assembly  

20 mL of the aqueous particle suspension were placed on top of the wrinkled substrates, 

which were hydrophilised directly before use for 15 s in oxygen plasma to gain good 

wetting of the surface. The particles were spin coated into the cavities at 2000 rpm for 

60 s (Model P6700 from Specialty Coating Systems INC). The coated strip was placed 

onto a drop of MilliQ water (10 µL) on a cleaned glass slide without external pressure. 

The slide was cleaned by using standard RCA-1 solution of NH4OH/H2O2/H2O in the 

ratio 1 : 1 : 5 at 80 °C.35 After drying for 3 h, the PDMS was carefully removed. 

4.2.5  Characterisation  

The wrinkles were characterised by AFM (Multimode AFM Veeco Instruments Inc.) 

using tips from Olympus (296–340 kHz, 41–62 N m-1) in tapping mode. The wavelengths 

and amplitudes were obtained by analysing the height images. The wavelengths of the 

patterned structures were calculated from SEM images by using the software ImageJ 

(NIH USA) with the ‘‘radial profile’’ plug-in. The SEM measurements were performed 

with a LEO 1530 VP Gemini from Zeiss operating at 2 kV. The samples were sputtered 

with 2 nm Pt layer and the working distance was kept at 4 mm. Transmission electron 

microscopy (TEM) was performed on an FEI TF 20 operated with an acceleration voltage 

of 200 kV. The samples were prepared on carbon-coated copper grids (300 mesh) by 

drop casting from aqueous dispersion. UV-Vis absorbance spectra were recorded with 

an Agilent 8453 spectrophotometer. Measurements were done at 25 °C controlled by 

using a circulated water bath. DLS measurements were done on a classical goniometer 

setup (ALV, Langen, Germany) with a HeNe laser (λ = 632.8 nm). Intensity–time 

autocorrelation functions were recorded at various scattering angles using a multiple τ 

digital correlator (ALV-5000/E). The temperature of the sample was controlled by a 



Chapter 4 

49 

circulated water bath and a toluene refractive index matching/temperature bath. The 

data were analysed using inverse Laplace transformation through the CONTIN 

algorithm by S. Provencher.  

 

4.3 Results and discussion  

4.3.1 Formation and characterisation of used wrinkles  

The wrinkled surface was formed by stretching of polydimethylsiloxane (PDMS), a 

silicone elastomer, and oxygen exposure in the elongated state. During the oxidation a 

hard silica layer was formed on the PDMS surface. After relaxation stable and uniform 

wrinkles were obtained. Wavelength and amplitude can be controlled by the plasma 

exposure time. Longer times lead to thicker silica layers and therefore to longer 

wavelengths and amplitudes.14 The wrinkles were characterised using atomic force 

microscopy (AFM). The found wavelengths and amplitudes for 600 s and 300 s exposure 

in plasma are summarised in Table 4-1. The error of the wavelength and amplitude is 

determined by analysing cross-sections of the AFM height images on three different 

spots of the substrate, and an additional error contribution of the tip diameter.  

4.3.2 Surface patterning via ‘‘Spin-Release’’  

For surface patterning with hard-core/soft-shell particles the method of ‘‘Spin-Release’’ 

(SR) was used. This procedure combines stamping and confinement assembly as 

illustrated schematically in Fig 4-1.36, 37 For surface structuring the wrinkled PDMS was 

first hydrophilised in an oxygen plasma to gain a wettable surface. Then, the substrate 

was placed on a spin coater and a small amount of the core–shell particle suspension 

was deposited on top of the wrinkled substrate. During the spinning the cavities were 

filled with the particles and excessive suspension was cast away. In the next step, the 

filled wrinkles were brought in contact with a cleaned glass slide covered with a water 

droplet. No external pressure was applied. Glass and wrinkles stayed in contact until the 

water was evaporated. Then, the PDMS strip was carefully lifted off. The achieved 

structures were characterised with SEM and are presented in Fig 4-2A–D and Fig 4-5B–E.  
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Fig 4-1 Schematic depiction of the “Spin-Release” (SR) process. 

 

   

4.3.3 Spin-Release with silica–PNIPAM core–shell particles  

In order to study the assembly of hard-core/soft-shell particles with different core sizes, 

we prepared silica–PNIPAM core–shell systems with two different sizes of the silica 

cores (35 and 100 nm in diameter). The overall diameter of both systems is approx. 

500 nm in the swollen state as determined by DLS at 20 °C. A detailed analysis of these 

particles can be found elsewhere.31, 38 These particles were assembled in a linear fashion 

using the SR approach with PDMS templates of two different wavelengths. The results 

are presented in Fig 4-2 and Table 4-1.  

 

 

 
Fig 4-2 Results of SR for two Silica-PNIPAM core-shell particles using 
PDMS templates with two different wavelengths (660 nm for (a) and (c); 
1200 nm for (b) and (d). The core diameter for Sil-35 is 35 nm, presented in 
image (a) and (b). The core diameter for Sil-100 is 100 nm, presented in 
image (c) and (d). The red arrows in (a) and (b) indicate the position of the 
silica cores for the Sil-35 sample. For a template wavelength of 660 nm, 
single particle lines are formed. For a template wavelength of 1200 nm, 2D 
zigzag lines are observed for both samples. 
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Table 4-1 Summary of wavelengths, amplitudes, core-to-core distances and wavelengths of patterns. 

 
Wavelength of 
PDMS / nm 

Amplitude of  
PDMS / nm 

Centre-to-centre 
distance / nm 

Pattern wavelength 
/ nm 

Sil-100 λ660 
667 ± 30 56 ± 14 408 ± 10 657 ± 18 

Sil-100 λ1200 1175 ± 43 108 ± 16 314 ± 25 1164 ± 74 

Sil- 35 λ660 605 ± 47 63 ± 15 - - 

Sil-35 λ1200 1170 ± 68 107 ± 19 - - 

Ag-A - - 433 ± 21 - 

Ag-B 1323 ± 55 134 ± 16 276 ± 13 1311 ± 11 

Ag-C 1181 ± 49 125 ± 17 212 ± 42 1167 ± 53 

 

The SEM images in Fig 4-2 nicely show that both core–shell systems can be assembled in 

a linear fashion. Whereas the silica cores of the Sil-100 sample are easily visible in Fig 

4-2c and d, the comparably small cores of sample Sil-35 are rather hard to identify (Fig 

4-2a and b). Therefore, we highlighted the position of some of the cores of the Sil-35 

sample by red arrows in Fig 4-2 and b. For a wrinkle wavelength of 660 nm, which is 

close to the diameter of the core–shell particles in the swollen state, we observe quasi-1D 

linear particle assemblies with well separated silica cores due to the presence of the 

PNIPAM shell. For a template wavelength larger than the particle diameter, 2D zigzag 

lines are formed (Fig 4-2b and d). This is due to the fact that the wrinkle cavities are 

much larger compared to the template with only 660 nm in wavelength. To determine 

the nearest neighbour distance, radial distribution functions (RDFs) were calculated. The 

values for the centre-to-centre distance and the wavelength of the patterns are listed in 

Table 4-1. These values are average values of ten independent RDFs for each substrate 

for at least 250 particles. The RDF, also-called pair correlation function, describes how 

the particle density changes with distance from one specific particle. Due to the poor 

visibility of the rather small silica cores of the Sil-35 sample, RDFs were only generated 

for the Sil-100 sample. One can see that for both wrinkles, the particle distance is 

significantly smaller than the particle diameter in the swollen state. In single particle 

lines (Sil-100 λ600) the centre-to-centre distance is 408 ± 10 nm. In contrast the centre-to-

centre distance in 2D zigzag lines (Sil-100 λ1200) is smaller (314 ± 25 nm). This can be 

attributed to a higher particle compression under confinement during the SR process. 

The SEM images in Fig 4-2 also show that the polymer shells form a continuous 

connection between the silica cores. This is due to the fact that the polymer shells 

collapse during spin coating into the wrinkles. The transfer from PDMS to the glass is 
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done under aqueous conditions and hence the PNIPAM shells swell. Therefore, 

neighbouring particles compress each other, leading to an interdigitation of the dangling 

ends of their polymer coronas. The presented SR technique allows preparation of large 

particle arrays which can be transferred to other substrates very easily, which is 

necessary if optical measurements should be done. The advantage of the printing step 

during SR is that the pre-arrangement in wrinkles leads to homogeneous arrays and 

geometries. Due to the water droplet, the particles were washed out from the wrinkles in 

confined conditions and no pressure is necessary for transfer. This technique represents 

a versatile tool for surface patterning with re-dispersible particles such as the presented 

hard-core/soft-shell systems. The photographs of the PDMS stamp and the particle 

assembly on a glass substrate shown in Fig 4-3 demonstrate that assemblies over large 

areas can be realised utilising the SR approach. The strong iridescence visible in both 

photographs is related to interference of light with the periodic structures.39 

 

 
Fig 4-3 Digital camera pictures of the wrinkled 
PDMS-stripe (bottom) and the corresponding glass 
substrate (top) with the transferred Silica-PNIPAM 
particles of sample Sil-100 λ1200, illuminated with 
white light. The iridescent colors occur due to 
interference of the incident light with the periodic 
particle arrays. 

 

 

4.3.4 Spin-Release with Ag-PNIPAM core-shell particles 

The presented results for the assembly of silica–PNIPAM core–shell particles show the 

influence of the PDMS template wavelength and the core dimensions on the assembly 

structure. Due to the presence of the PNIPAM shell, the silica cores are well separated in 

the aligned structures. In order to obtain linear assemblies with interesting optical 

properties, we synthesised Ag–PNIPAM core–shell particles by precipitation 

polymerisation of NIPAM and BIS in the presence of functionalised Ag nanoparticles. 
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The size and morphology of the Ag–PNIPAM core–shell particles were characterised by 

means of transmission electron microscopy (TEM) and dynamic light scattering (DLS).  

Fig 4-4 (a) TEM image of uncoated silver nanoparticles. (b) Ag-PNIPAM core-shell particles. (c) 
Magnification of a single core-shell particle. The two circles illustrate the hydrodynamic diameter in the 
swollen state (Dh(25 °C)) as well as the diameter from TEM, DTEM. d) UV-Vis spectrum of the uncoated silver 
nanoparticles (blue, dashed line) and the Ag-PNIPAM core-shell particles (solid, red line) in aqueous 
dispersion at 20 °C. 
 

Figure 4-4a shows a representative TEM image of the uncoated silver particles. The 

diameter of the Ag cores was determined by analysing the size of 150 individual Ag 

cores from various TEM images and found to be 105 ± 19 nm. The TEM images in Fig 

4-4b and c show the silver–PNIPAM core–shell particles. Here the core–shell structure is 

clearly visible. The diameter of the overall core–shell particles is 260 ± 20 nm as 

determined from TEM images and 360 nm as determined by DLS at 20 °C. It is noted 

that the particle size is rather difficult to determine by TEM due to the low contrast of 

the polymer shell. In addition, in electron microscopy the particles are imaged in a rather 

collapsed state due to the high vacuum in the microscope. As a consequence, the size 

from DLS is much more reliable and also gives a representative value of the particle 

dimensions in the swollen state, the state under which the assembly was done. The 

optical properties of the hybrid system were analysed by UV-Vis spectroscopy. Fig 4-4d 

represents UV-Vis absorbance spectra recorded from dilute dispersions of the uncoated 

silver particles and the silver–PNIPAM core–shell particles in water at 20 °C. Due to the 

rather large dimensions of the Ag cores not only a dipole plasmon mode at λ ≈ 500 nm 

but also a quadrupole mode at λ ≈ 400 nm is observed.40 It can be seen that the plasmon 

resonances are slightly red-shifted for the core–shell system. These shifts can be related 

to the change of the local refractive index due to the polymer coating. To the best of our 
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knowledge core–shell particles from direct incorporation of metal nanoparticles of such 

large dimensions have not been presented in the literature yet. Only for silica particles as 

core material, this core-size range was explored.31 The main advantages of the coating 

with PNIPAM are the enormous stability of the final particles and the induced increase 

in effective particle volume. Usually colloidal stability and protection against 

aggregation are rather strong limitations for metal nanoparticles. However, PNIPAM 

coated metal nanoparticles can be separated by centrifugation and redispersed multiple 

times. In addition, redispersion in media of different composition is possible (e.g. 

alcohols, chloroform) without addition of any further ligands. For 2D and 3D assemblies 

of metal nanoparticles on large areas a major limitation is the amount of particles which 

can be synthesised in a reasonable manner as well as the particle concentration which 

can be reached without loss of colloidal stability. Coating metal particles with rather 

thick polymer structures increases the effective particle volume without changing the 

particle properties significantly. In our case, the Ag–PNIPAM particles show the strong 

localised plasmon resonance of the bare Ag particles40 but have an overall volume being 

40 times larger than the initial Ag particle volume. This difference in volume allows 

obtaining higher volume fractions with a comparably low number of particles. As 

discussed above the inter-core distance can be manipulated by the used wrinkle 

wavelength. To achieve plasmon coupling between silver nanoparticles it is important to 

control the Ag core to core distance.41 Based on the results discussed in Section 4.3.3 we 

decided to use wavelengths considerably larger than the particle diameter (Table 4-1) 

SEM images of the assembled structures are shown in Fig 4-5. 

4.3.5 Resulting structures 

The SEM images presented in Fig 4-5 demonstrate that homogeneous particle assemblies 

were obtained over large areas. The magnifications in Fig 4-5d and e show the found 

particle arrangements in detail: 2D zigzag lines and 3D pyramidal assemblies. The shell 

is detectable as faint shadow around the bright Ag-cores. The shells of Ag–PNIPAM 

overlap for the same reason as for the silica–PNIPAM core–shell particles described in 

Section 4.3.3. Caused by the higher material density due to the compression, the shell 

occurs brighter in SEM as to the left or right of the cores. In comparison, if the particles 

were spin coated on a plane substrate as shown for sample Ag-A (Fig 4-5a) no overlap is 

visible. In addition, no ordering is observed in the latter case.  
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Fig 4-5 SEM images. (a) Sample Ag-A randomly adsorbed Ag-PNIPAM particles. (b) and (c) Linear assembly 
of sample Ag-B and sample Ag-C, respectively. (d) Magnification of the two structures found in sample Ag-
B: 2d zigzag-lines and 3d pyramidal structures. (e) Magnification of the structures of sample (c) zigzag-lines 
and 3D pyramids. The PNIPAM shell appears as shadow around the Ag-cores. Wavelengths and amplitudes 
are summarized in Table 4-1. 

Also for this Ag-system RDFs were calculated, to determine the nearest neighbour 

distance. As presented in Fig 4-6, calculated for at least 500 particles and the values of 

Table 4-1, the largest distance, with 433 ± 21 nm, is found for the sample Ag-A for 

randomly adsorbed particles. The graphs for sample Ag-B and Ag-C give the following 

information: first, the nearest neighbour distance from the first peak as mentioned 

before, second, the wavelength of the deposited structures. The second peak can be 

matched to the next row of particles, the third peak one row further, because peak three 

appears at twice the distance as peak two. For example for sample Ag-C peak two occurs 

at 1167 nm and peak three at 2306 nm. The wavelengths determined from RDF are also 

in good agreement with the wavelengths of the wrinkled PDMS. The smallest 

interparticle distance is achieved for sample Ag-C.  

 
Fig 4-6: Radial distribution functions (RDF) of random adsorbed particles. From left to right: Sample Ag-A, 
Ag-B and Ag-C. The RDF-function gives the distance distribution from the particle centers to each other. The 
first peak gives the dominant inter particle distance to the next neigbour. For sample Ag-B and Ag-C the 
peaks at larger distances give the wavelength of the patterning. The results are summarized in Table 4-1. The 
calculation was done for more than 500 particles. 

This can be explained as follows: the amount of core–shell particles for each SR process 

is similar, but the available volume under each confinement differs, due to differences in 

wavelengths and amplitudes. For sample Ag-B the wavelength and amplitude are larger 

than for sample Ag-C. Hence, the particles have more space and the packing is not as 

a b cd e

400 nm 5 µm 400 nm 400 nm5 µm
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dense compared to sample Ag-C. If the free volume is reduced, the particles are confined 

stronger and the shell is more compressed, due to the flexible soft PNIPAM network, 

which can be easily deformed.42 It should be mentioned here that the volume decrease of 

the cavities must not be too drastic. If the volume reduction is in the range of the particle 

diameter the main structure will be changed from multiple particle lines to single 

particle lines, as it was discussed for the silica particles at 660 nm wavelength. The 

symmetries presented within the linear assemblies are similar to the ones predicted for 

hard spheres, as presented in Ref. 19. A direct comparison of the hard sphere assemblies 

from Monte Carlo simulation and the results presented in this work is given in Fig. 4-7. 

The change in morphology for MC-simulation of the top image and the bottom image is 

caused by increasing volume fraction of the particles. The changes in sample Ag-C must 

be caused by a local concentration gradient. It can be seen that the metal cores from our 

Ag–PNIPAM core–shell system are well-separated, due to the presence of the soft 

PNIPAM shell. In order to investigate the influence of confinement on the structuring 

process of core–shell particles, we employ a minimal model, similar to the hard-core 

model explained in detail in ref.19. For the simulation we allow particle interactions using 

a hard core diameter 𝜎𝑐 and a soft repulsive shell with an exponentially decaying 

potential with range 𝜎𝑐 = 3𝜎𝑐 equal to the total diameter 𝜎𝑠 of the core plus the polymer 

shell.  
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We fixed the parameters 𝜅𝜎𝑐 = 2 and 𝐴 = 200𝑘𝐵𝑇, with 𝑘𝐵 the Boltzmann constant and 𝑇 

the temperature. The particles were confined between one smooth planar hard wall and 

one sinusoidal hard wall with wavelength 12𝜎𝑐 and amplitude 1.3𝜎𝑐. The system was 

equilibrated with Monte Carlo simulations with a particle number of the order of 100, for 

a total of 106 MC steps per particle. We used compression runs, where a constant normal 

pressure was applied to the wrinkled wall until an equilibrium configuration was 

reached. The results are presented in Fig 4-7, right. As can be clearly seen, in contrast to 

the results from simulation for hard spheres, the SEM image of sample Ag-C as well as 

the simulation for hard-core/soft-shell particles show well separated nanoparticle cores. 

This separation can be attributed to the soft PNIPAM shell, acting as a spacer.43 

Furthermore, the soft shell and the conditions under confinement lead to structures 
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which are compressed. This leads to distorted angles in the zigzag lines, other than in the 

model prediction for hard spheres. Also for pyramidal patterning the confinement and 

the shell have an influence on the formed structure. The distance between the base 

particles is increased. Simulations for hardcore/ soft-shell particles lead to a better 

agreement with the experimentally obtained results, as one can see in Fig 4-7, right. For 

the experiment (middle) as well as for the MC results (right) the angle between the 

zigzag aligned particles deviates from 60° as one might expect for close packed 

structures and how it was computed for the hard sphere simulation. Also for the 

pyramidal patterning the adjusted MC-simulation is able to reproduce the experimental 

patterns. The influence of compression and the shell size are tools, which allow control 

of the inter-particle distance, by decreasing or increasing wavelengths and amplitudes of 

the wrinkles or by varying the shell thickness and density of PNIPAM.34  

  
Fig 4-7: Comparison of the local assembly structure from sample Ag-C 
(middle) to results from MC-simulations for hard spheres (left)19and MC-
simulation for hard-core/soft-shell (right). In the latter simulation, only the 
cores are presented. For the MC-simulation the volume fraction increases 
from the top to the bottom, which leads to the different structures. The 
difference for sample C is probably caused by local concentration variations. 

 

 

4.3.6 Optical properties/UV-Vis measurement 

Fig 4-8a shows UV-Vis absorbance spectra of the linear assembled Ag–PNIPAM particles 

on glass (sample Ag-B) recorded under different polarisations of the incoming light. For 

unpolarised light the dipole mode of the Ag particles is located at λ ≈ 530 nm, whereas 

the quadrupole mode is at λ ≈ 428 nm. Both values are red shifted compared to their 

peak positions from aqueous dispersion shown in Fig. 4-4d. These shifts can be related to 

the change in refractive index when the particles are deposited on glass (n = 1.47 

compared to n = 1.33 for water). If now the incoming light is polarised parallel to the 

direction of the linear assembly (0°), the overall absorbance decreases over the whole 

range of wavelength showing the strongest deviation in a range of λ = 650 – 800 nm. In 

contrast a stronger absorbance in this range is found for polarisation perpendicular to 

the direction of the linear assembly (90°). Fig 4-8B compares the spectrum recorded 

under unpolarised conditions with the average spectrum, which can be calculated from 
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the spectra for 0° and 90° polarisation. It can be clearly seen that the number average of 

the two polarised spectra resembles the spectrum measured under unpolarised 

conditions.  

 
Fig 4-8: Top: (a) UV-Vis absorbance spectra for different polarisations of the incoming beam. Black solid line: 
Unpolarised light. Red line: Polarised light parallel to the direction of the linear assembly of the Ag-
PNIPAM particles. Blue line: Polarisation perpendicular to the structure on the glass substrates. (b) Presents 
a comparison of the absorbance spectrum measured with unpolarised light (black solid line) and the number 
average of the spectra recorded for 0° and 90° of polarisation (red line). The dashed line indicates the 
position of the dipole mode. 

However, a quantitative analysis of the spectra cannot be given here and is not within 

the scope of the manuscript. Nevertheless, the spectra nicely demonstrate that local 

(presumably plasmonic) coupling of the metal cores results in anisotropic optical 

properties. Further investigations, also with core–shell particles of various shell 

thicknesses and exploring the tunability of inter-particle distances by utilising the 

stimulus responsivity of the shell, are underway. As an example of collective effects, we 

show diffraction patterns arising from the periodic arrangement with periodicities in the 

range of the wavelength (here 1300 nm). Diffraction spots up to 4th order are visible 

even with a simple home-built setup, indicating the high quality and large index of 

refraction contrast of the particle arrangements. Laser diffraction was studied using a 

laser pointer (λ = 522-542 nm at < 100 mW). Up to four diffraction orders could be 

observed for both samples, Ag-A and Ag-B. This reveals the high degree of order of the 

linear particle assemblies. Fig 4-9 shows a representative photograph of the observed 

diffraction. In this photograph the laser illuminates the sample from the top as indicated 

by the arrow. The transmitted beam is visible as a bright, circular spot below the sample. 

On the left and right hand side of the direct beam, the first and second order diffraction 

spots are visible. We used the position of the first order diffraction spots in order to 

calculate the wavelength of the linear assemblies Λ according to  
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Λ =
2𝜋
𝑞

 

with the momentum transfer  

𝑞 =
4𝜋
𝜆
𝑠𝑖𝑛

𝜃
2

 

where λ is the laser wavelength and θ the angle of diffraction. We found 

Λ = 1300 ± 20 nm for sample B and Λ = 1200 ± 20 nm for sample Ag-C. These values are 

in good agreement with the values obtained from SEM and RDF as listed in Table 4-1.  

 

 
Fig 4-9: Diffraction of normally incident light on sample 
Ag-C using a laser pointer. In this photograph, the first and 
second order diffraction spots are visible. 

 

 

4.4 Conclusion 
We have shown that wrinkle-assisted assembly of silica– and silver–PNIPAM core–shell 

particles allows the top-down fabrication of highly ordered linear particle assemblies. 

The use of wrinkle templates (PDMS) with different cavity volumes significantly 

influences the local structure of the assemblies. Moreover, we find well-pronounced 

inter-core separations due to the presence of the polymer shell (PNIPAM). As a 

consequence of the soft character of the polymer shell, differences of the local structure, 

as compared to the structure of assembled hard spheres, can be observed. In particular, 

interparticle distances are greatly reduced and the particle assemblies appear 

‘‘compressed’’ in the direction perpendicular to the wrinkle direction. The excellent 

agreement between experiments and Monte-Carlo simulations provides solid evidence 

that the soft nature of the inter-particle potential is the reason for these effects. We show 

first evidence that there are both local coupling effects and cooperative optical effects for 

these structures: polarisation dependent absorbance measurements using UV-Vis 

spectroscopy have shown that the particle assemblies display optical anisotropy. This 

anisotropy can be related to coupling of the Ag cores. At the same time, pronounced 

diffraction peaks indicate the high long range order and hence the good quality of the 
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produced surface pattern. The presented method is a fast, cost-effective approach to 

generate structures with high anisotropy also noticeable macroscopically by polarisation 

dependent absorbance behaviour. The PNIPAM shell allows nanoparticle separation 

which is of interest for the preparation of assemblies with control over the nanoparticle 

plasmon resonance coupling. Moreover it has the potential for tuning inter-particle 

distances by external stimuli, since the gel-shell is stimuli responsive. Experiments on 

tuning the plasmon coupling are currently underway and will be presented elsewhere. 
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Abstract 

Here, a new surface enhanced Raman spectroscopy (SERS) platform suitable for gas 

phase sensing based on the extended organization of poly-N-isopropylacrylamide 

(PNIPAM)-coated nanostars over large areas is presented. This system yields high and 

homogeneous SERS intensities, and simultaneously traps organic chemical agents as 

pollutants from the gas phase. PNIPAM-coated gold nanostars were organized into 

parallel linear arrays. The optical properties of the fabricated substrates are investigated, 

and applicability for advanced sensing is demonstrated through the detection in the gas 

phase of pyrene traces, a well-known polyaromatic hydrocarbon.  

 

5.1 Introduction 
Surface enhanced Raman spectroscopy (SERS) is a spectroscopic technique with the 

ability to yield ultrasensitive detection of molecules under environmental conditions 

without special sample preparation. The requirements to obtain strong SERS include an 

optical enhancer, typically a metallic nanostructure, that produces an intense 

electromagnetic field at its surface upon excitation with the appropriate light (i.e., 

localized surface plasmon resonance, LSPR) and the proximity of analyte molecules to 

the metallic nanostructure. So far, a variety of nanostructures of gold and silver have 

been introduced in the literature as optical enhancers. For example, single-molecule 

SERS was reached for the first time using silver nanoparticle aggregates.1, 2 The 

formation of aggregates was necessary to obtain highly active regions where the 

electromagnetic field is gigantic due to the interparticle plasmon interaction (i.e., hot 

spots).3, 4 Unfortunately, aggregation yields heterogeneous surfaces where the hot spots 

are randomly distributed in intensity, shape, and density. This makes quantitative 

detection impossible, as all the spots for a given surface are intrinsically different in their 

optical properties.5 In other words, quantitativity is sacrificed in order to gain sensitivity. 

To solve this issue, much effort has been dedicated to produce metallic structures, which 

are well-defined on the nanoscale and thus give rise to hot-spots of uniform intensity, 

shape, and density: Evaporated films have been lithographically etched with electron or 

ion beams providing homogeneous optical platforms.6 Unfortunately, lithographic 

etching is time consuming, expensive, and cannot be carried out over large areas. 

Alternatives to these methods have been proposed. For example, the Van Duynés group 
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developed a surface modification by combining nanosphere lithography with metal 

films over the nanospheres (NSL-FON), which results in a homogeneous high efficient 

optical platform that can be produced over large areas.7, 8 On the other hand, another 

approach recently developed by our groups consists of the confinement of preformed 

colloidal nanoparticles aided by controlled polymer wrinkling.9 This alternative yields 

inexpensive, highly homogeneous, and efficient SERS platforms that can be patterned 

over large areas with minimum technical requirements.10, 11  

As mentioned before, the other requirement to obtain strong SERS relies on the molecule 

to be analyzed. SERS is eminently a first-layer effect. In general, molecules that have 

strong affinity toward the metallic nanostructured surface lead to strong SERS signals. 

However, molecules with low or no affinity usually do not yield SERS. To solve this 

problem, nanostructures have been functionalized with a variety of materials that may 

attract/ increase the concentration of the analyte close to the plasmonic surface.12 As an 

example, polycyclic aromatic hydrocarbons (PAHs), a class of naturally formed 

persisting air pollutants that can induce severe cancer and poisoning, have been detected 

in solution by adding functionalities to the plasmonic surfaces such as thiolated alkyl 

chains,13 viologen,14 humic acids,15 or cyclodextrins.16 Poly-N-isopropylacrylamide 

(PNIPAM)-coated nanoparticles have been demonstrated as one of the most effective 

molecular traps, especially for hydrophobic analytes.17 However, a homogeneous 

coating of the nanoparticles by polymers such as PNIPAM completely inhibits the 

plasmon coupling of the metal cores if the polymer shell has a certain thickness. In other 

words, the polymer shell, acting as a sterical spacer between the metal cores, prevents 

the formation of hot spots. Therefore, the achieved sensitivity is quite modest. One 

alternative relies on the generation of aggregates, which will increase the SERS 

intensity18 but, as previously commented, will lead to intensity fluctuations due to the 

random generation of hot spots. Another alternative exploits the coating of starshaped 

nanoparticles.19-23 In these highly branched nanoparticles, the core acts as a plasmonic 

nanoantenna, while the tips concentrate the electromagnetic field at their apex.24, 25 In 

fact, these nanostars are one of the very little number of SERS platforms able to sustain 

an electric field large enough to be used as single-particle SERS substrates.26-28 Notably, a 

distinctive property of these particles is that, upon aggregation, their optical efficiency 

decreases. This phenomenon occurs because the interaction of different particles with 

different symmetries leads to field deactivation rather than plasmon Experimental 
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coupling.29 Thus, in this scenario the polymer coating not only adds a trapping 

functionality to the structure but will preserve its unique optical properties.  

Scheme 5-1 (1) Synthesis and functionalization of Au nanoparticles. (2) PNIPAM coating of AU 
nanoparticles. (3) PVP functionalization and nanostar overgrowth. (4) Fabrication of a PDMS wrinkled 
surface. (5) Nanoparticle organization  

 

Herein we show the preparation of optically active gold nanostars coated with PNIPAM 

and their controlled assembly into highly ordered linear structures. The optical 

properties of the imprinted particle assemblies were characterized, and the SERS 

efficiency was compared with films of PNIPAM-coated gold stars and coated gold 

spheres, respectively. Finally, demonstration of their capabilities for gas sensing was 

illustrated by the detection of the PAH pyrene in the gas phase.  
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5.2 Experimental 
Materials  

Gold(III) chloride trihydrate (HAuCl4 × 3H2O), trisodium citrate dihydrate, N,N-

dimethylformamidee, N-isopropylacrylamide (NIPAM), butenylamine hydrochloride 

(BA), ethanol, benzenethiol (BT), pyrene and poly(vinylpyrrolidone) (PVP, Mw = 10 000) 

were purchased from Aldrich. Polydimethylsiloxane (PDMS) Sylgard (184) silicon 

elastomer, curing agent, and precursor were purchased from Dow Corning, USA. N,N-

Methylenebisacrylamide (BIS) and potassium peroxodisulfate (PPS) were acquired from 

Fluka. Sodium dodecyl sulfate (SDS) was from Ajax Laboratory Chemicals. All chemicals 

were used as received. Water was purified using a Millipore Milli-Q system (resistivity 

higher than 18 MΩcm-1). All experiments were carried out at room temperature.  

  

5.2.1 Synthesis of PNIPAM-coated Gold Nanoparticles  

Au@PNIPAM core−shell particles were prepared by precipitation polymerization of the 

monomer NIPAM in the presence of functionalized, spherical gold nanoparticles as 

reported elsewhere.30 First, gold nanoparticles approximately 15 nm in diameter were 

synthesized according to the well-known method by Turkevich and Enüstün.31 Briefly, 

2.5 mL of an aqueous solution of HAuCl4 (0.1 M) was added to 497.5 mL of water in a 

conical flask of 1 L volume. The light yellow, clear solution was heated to heavy boiling 

under continuous stirring with a magnetic stirrer, and 25 mL of water containing 255 mg 

trisodium citrate was added quickly. The solution turned colorless immediately after the 

addition of citrate and turned deep red within the next 5 min. The solution was kept 

boiling for 20 min upon the addition of citrate and was then cooled to room temperature. 

Then, the gold particles were surface functionalized by the addition of 3 mL of an 

aqueous SDS solution (0.62 mM) and, after 20 min, the addition of 980 μL of a solution of 

BA in ethanol (0.12 mM). Twenty minutes after the addition of BA, the particle 

dispersion was cleaned and concentrated by repeated centrifugation. Three 

centrifugation steps were performed (each for 90 min at 3500 rpm). Finally, the residues 

were collected, resulting in a deep red nanoparticle dispersion with a concentration 

[Au] = 0.01 M (see Scheme 5-1 (1)). 

 The growth of the PNIPAM shell around the gold nanoparticles was performed by 

precipitation polymerization using 1.188 g of the monomer NIPAM and 243 mg of the 
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cross-linker BIS, dissolved in 350 mL of water. The solution was stirred in a three-neck 

roundbottom flask of 500 mL volume and heated to 45 °C while degassing with nitrogen. 

After 20 min of degassing, 5.32 g of the concentrated dispersion of functionalized gold 

nanoparticles ([Au] = 0.01 M) were injected dropwise with a syringe. In the following, 

the red and clear reaction medium was heated to 70 °C and after an equilibration time of 

10−15 min, 5 mg PPS dissolved in 1 mL of water were added in order to initiate the 

polymerization. The reaction was allowed to occur for 2 h. Then, the turbid, red 

dispersion was cooled to room temperature. Cleaning of the core−shell particles was 

done by repeated centrifugation and redispersion in water (3 h at 9000 rpm, two 

repetitions). Finally, the residues were collected and freeze-dried (see Scheme 5-1(2)).  

 

5.2.2 PVP Functionalization and Nanostar Growth 

The previously described PNIPAM coated gold nanoparticles (0.023 g) were dispersed in 

5 mL ethanol via sonication during 20 min. This solution (350 μL) was added to a 

solution containing 4.88 g of PVP in 35 mL of N,N-dimethylformamidee. The solution 

was sonicated for 30 min and was left standing overnight to allow diffusion of PVP to 

the Au surface. Next, 105 μL of an aqueous solution of 0.105 M HAuCl4 were added 

rapidly under vigorous stirring. Within 20 min, the color of the solution changed from 

pink to colorless, and finally turned blue, indicating the formation of gold nanostars. The 

dispersion was kept overnight with continuous stirring (see Scheme 5-1 (3)). After that, 

the solution was centrifuged at 7000 rpm for 20 min, the clear supernatant was 

discarded, and the precipitate was redispersed in 40 mL of ethanol. This process was 

repeated three times. Before organizing the particles, the solution was concentrated to a 

final volume of 2 mL via centrifugation steps at 7000 rpm for 20 min. Finally, 1 mL of the 

previously concentrated solution was centrifuged again at 7000 rpm for 20 min, the 

supernatant was discarded, and the precipitate redispersed in a total volume of 0.5 mL 

of milli-Q water.  

5.2.3 Particle Organization.  

In order to organize the particles on substrates, the fabrication of a PDMS wrinkled 

surface is required as a template.9-11 The PDMS elastomer was prepared by mixing 

Sylgard 184 with a 10 : 1 ratio by mass of prepolymer to curing agent. The mixture was 

stirred and filled in a clean, flat Petri dish. After 24 h at room temperature and baking at 
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80 °C for 5 h, the cross-linked PDMS was cut into 30 × 8 mm stripes. One of these stripes 

was stretched uniaxially in a custom-made apparatus to a strain of 25% of the initial 

length. The stretched substrate was oxidized during 900 s in oxygen plasma at 0.2 mbar 

using a plasma etcher operating at 0.1 kW (flecto10, Plasma Technology, Germany). 

After that, the sample wasrelaxed, and wrinkles with a periodicity of 1700 nm were 

obtained (see Scheme 5-1 (4)). The hydrophilic wrinkled substrates were used directly 

after plasma treatment. Briefly, a drop of the nanoparticles solution (20 μL) was spin 

coated onto the wrinkled PDMS at 1500 rpm for 1 min.32 Next, a drop of water (10 μL) 

was placed on a clean glass slide,10, 33 and the wrinkled PDMS containing the particles 

was placed on top of the water droplet. The system was left undisturbed for 2 h in order 

to allow the water to evaporate. After that, the PDMS was removed, and the particles 

remained organized into lines on the glass slide (see Scheme 5-1 (5)). 

 Spin coating at 1500 rpm for 1 min of 15 nm spherical gold cores coated with PNIPAM 

and 130 nm gold stars coated with PNIPAM was also performed for control experiments.  

 

5.2.4 Characterization  

Ultraviolet−visible (UV−vis) spectroscopy (PerkinElmer, Lambda 19), transmission 

(TEM) and scanning (SEM) electron microscopies (LEO 922 EFTEM operating at 200 kV 

and LEO 1530 FE-SEM, Zeiss, respectively) were applied to characterize the optical 

response, structure, and size of the nanoparticles and their arrays.  

Optical surface enhancing Raman activity was characterized using BT in the gas phase. 

BT was adsorbed on the whole surface of the metallic samples by casting a drop of BT 

(0.1 M in ethanol) in a Petri dish where the substrate was also contained. SERS spectra 

were collected in backscattering geometry with a Renishaw Invia Reflex system 

equipped with two-dimensional charge-coupled device (2D-CCD) detector and a Leica 

confocal Microscope. The spectrograph uses a high-resolution grating (1200 gcm-1) with 

additional bandpass filter optics. Excitation of the sample was carried out with a 830 nm 

diode laser line, with acquisition times of 200 ms and power at the sample of about 

1 mW, using the Renishaw’s StreamLine accessory. The laser was focused onto the 

sample with a 50x objective. For pyrene detection, the analyte was adsorbed in the gas 

phase by placing the samples and a drop of pyrene (10 mM in ethanol) (organized lines 
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of PNIPAM-coated nanostars and a film with uncoated nanostars for reference) in an 

oven at 150 °C with vacuum for 10 min.  

 

5.3 Results and discussion  
In order to obtain gold nanostars coated with homogeneous polymer shells based on 

PNIPAM, core−shell particles with spherical gold cores of 15 nm in diameter and 

PNIPAM shells with a total diameter of 273 nm as determined by dynamic light 

scattering (DLS) at 20 °C (AuNP@PNIPAM, Figure 5-1A) were prepared according to a 

recently reported protocol.30  

 
Figure 5-1 TEM images of (a) AuNP-PNIPAM and (b) AuNS-PNIPAM core-shell particles 

Although the direct PNIPAM coating of gold nanostars (AuNS) has been recently 

reported,19 this approach requires a rather time consuming procedure and the design of 

specific chemicals. Hence, to fabricate the final AuNS-PNIPAM, PNIPAM-coated gold 

spheres were used as seed particles for the further overgrowth of the metal core. In this 

synthetic approach, it is very important to previously functionalize the seed particles 

with PVP before adding the growth solution, thus allowing the epitaxial growth of the 

gold onto the spheres and the formation of spikes, as can be seen in Figure 5-1b. During 

this process, the color of the solution gradually turns from red to dark blue. This change 

of color indicates the formation of stars. The obtained particles have a nanostar core of 

130 nm in diameter. The overall diameter of the core−shell particle is 250 nm, again 

determined using DLS at 20 °C.  

200 nm200 nm

a b
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The UV−vis−near-infrared (UV−vis−NIR) spectra of the prepared nanoparticles (Figure 

5-2) show how the nanospheres are characterized by the typical LSPR at 520 nm, while, 

for the nanostars, this band remains as a shoulder of a much stronger absorption peak 

located at 810 nm. This last signal is attributed to the tip growth and is broad because of 

the overlapping of the plasmonic bands of tips with different lengths and aperture 

angles as previously reported.26  

 

 
Figure 5-2 UV-Vis-NIR spectra of the AuNP-PNIPAM (red) and Au-NS-
PNIPAM (yellow) in solution and after organization into lines on a 
substrate (blue) 

 

In order to organize the core−shell particles in a linear fashion on planar substrates, we 

employed PDMS wrinkled substrates with a periodicity of 1700 nm as an assembly 

template, by spinning the particles onto the wrinkled PDMS32 and transferring them on a 

clean glass slide.10, 33 Notably, as observed by SEM (Figure 5-3) this method leads to a 

highly homogeneous patterning that can be extended over cm² (see, for example, the 

iridescent colors of the digital camera picture of the stamped colloidal lines, inset in 

Figure 5-3). The upper insets of Figure 5-3 show the internal geometry of the structure. 

This is characterized by double-particle zigzag lines with an overall width of 340 nm and 

a periodicity between them of 1700 nm. Within the line, the particles remain separated 

due to the PNIPAM shell. This spacing is also confirmed in the UV− vis−NIR spectrum 

of the patterned film (Figure 5-2, blue). It can be seen that the plasmon peak position 

remains very similar to that of the sample in solution with only a small blue-shift 

(10 nm). This shift is attributed to the change of the dielectric medium (air in the film, 

ethanol in the solution). Thus, the similarity in the plasmonic response indicates that 

there is no plasmonic interaction between neighbor particles.  
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Figure 5-3 SEM images of the linear assembled AuNS-PNIPAM particles at different magnifications and a 
digital camera photograph showing the characteristic iridescence provided by the colloidal grating over ca. 
1 cm. 

To test the optical enhancing properties, BT was retained in the gas phase over all the 

film. Figure 5-4a shows the SERS spectrum on BT recorded on the AuNS-PNIPAM 

pattern. The spectrum is characterized by the BT typical vibrational pattern including the 

ring stretching (1573 cm−1), C−H bending (1022 cm−1), ring breathing (1073 and 

999 cm−1), and low frequency mode with contribution of C−S stretching (417 cm−1) 

modes. Figure 5-4b, (c) shows the optical images and the SERS mappings over an 

extended area (40 × 40 μm, step size 1 μm) for the AuNS-PNIPAM patterned lines and 

spin-coated films. Notably, while the line patterned film shows slightly lower intensity 

than the corresponding spin-coated one, the signal remains constant spot to spot in 

contrast to the strong fluctuations found in the spin-coated film. For comparison, a spin-

coated AuNP-PNIPAM film was also mapped (Figure 5-3d) without any SERS signal. 

This illustrates the optical efficiency of the stars as previously described elsewhere.29  

1 µm

200 nm

1 cm
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Figure 5-4 (a) SERS spectrum of BT on the AuNS-PNIPAM line patterned film. 
Optical and Raman maps (1073 cm−1) over extended areas (40 × 40 μm, step size 1 μm) 
on (b) AuNS-PNIPAM line patterned, (c) AuNS-PNIPAM monolayered, and (d) 
AuNP@PNIPAM monolayered films. 

 

Besides the previously mentioned role of the PNIPAM shell to act as a separation layer 

between the individual Au nanostars and thus avoiding the deactivation of the field 

enhancement at their tips,34 the PNIPAM shell could be used as an effective molecular 

trap for hydrophobic analytes. In order to do that, the ability of the composite AuNS-

PNIPAM particles to trap and analyze potential pollutants in the air was demonstrated 

by exposing the organized lines to an atmosphere containing traces of pyrene. Pyrene is 

formed during combustion of organic matter; thus to promote its dispersion into the gas 

phase, the patterned film together with a film of bare nanostars and an ethanolic solution 

containing pyrene were placed in a vacuum oven at 150 °C for 10 min. After exposure, 

both samples, the PNIPAM-coated and the uncoated one, were analyzed by SERS. Figure 

5-5 shows the obtained experimental spectra for both samples, PNIPAM-coated stars 

(red) and bare Au stars (black). This experiment reveals the vibrational SERS pattern of 

pyrene when PNIPAM was used (red). This spectrum correlates well with the Raman 

spectrum of the solid,14 which is characterized by vibrational modes at 1627, 1601, 1557, 

1440, and 1398 cm−1 due to the ring stretchings, 1241 cm−1 CCH in plane deformation and 



Large Area Organization of Au-PNIPAM Stars 

74 

the 601 and 413 cm−1 CCH out of plane deformations. Notably, when the bare nanostars 

were used (black), the spectrum only shows very weak signals of pyrene because it is not 

retained on the gold surface, thus corroborating the effectiveness of PNIPAM shells as 

molecular traps for hydrophobic analytes.  

 

 
Figure 5-5 SERS spectra of pyrene from the gas phase on the AuNS-
PNIPAM line patterned film (red) and on a film of bare AuNS (black) 

 

   

5.4 Conclusion 
In summary, here we demonstrate the possibility of generating 2D structured arrays of 

PNIPAM-coated nanostars extend over square centimeters via the wrinkle-assisted 

assembly in order to create a new, versatile SERS platform suitable for gas phase 

sensing. Also the optical properties and enhancing activity are characterized. In addition, 

trapping efficient for gas phase pollutants is demonstrated with the detection of pyrene, 

a well-known polyaromatic hydrocarbon. We anticipate that these materials will be a 

key technology in the development of highly efficient advanced air- or gas-sensing 

devices with environmental, industrial, and homeland security applications. 
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Abstract 

We present a versatile approach to produce macroscopic, substrate-supported arrays of 

plasmonic nanoparticles with well-defined interparticle spacing and a continuous 

particle size gradient. The arrays thus present a “plasmonic library” of locally 

noncoupling plasmonic particles of different sizes, which can serve as a platform for 

future combinatorial screening of size effects. The structures were prepared by substrate 

assembly of gold-core/ poly(N-isopropylacrylamide)-shell particles and subsequent 

postmodification. Coupling of the localized surface plasmon resonance (LSPR) could be 

avoided since the polymer shell separates the encapsulated gold cores. To produce a 

particle array with a broad range of well-defined but laterally distinguishable particle 

sizes, the substrate was dip-coated in a growth solution, which resulted in an 

overgrowth of the gold cores controlled by the local exposure time. The kinetics was 

quantitatively analyzed and found to be diffusion rate controlled, allowing for precise 

tuning of particle size by adjusting the withdrawal speed. We determined the kinetics of 

the overgrowth process, investigated the LSPRs along the gradient by UV-Vis extinction 

spectroscopy, and compared the spectroscopic results to the predictions from Mie 

theory, indicating the absence of local interparticle coupling. We finally discuss potential 

applications of these substrate-supported plasmonic particle libraries and perspectives 

toward extending the concept from size to composition variation and screening of 

plasmonic coupling effects.  

 

6.1 Introduction 
The interaction of light with metal nanoparticles leads to the appearance of localized 

surface plasmon resonances (LSPRs), i.e., the collective oscillation of the conduction 

electrons at a specific energy. The scattering and absorption cross-section as well as the 

frequency of the plasmon oscillation depend directly on the particle composition, size, 

shape, and surrounding effects.1, 2  

The fascinating scattering and absorption properties gained metal nanoparticles a broad 

interest from a fundamental point of view but also for applications in the field of 

sensing,3-7 subwavelength optical components,8-12 light harvesting in photovoltaic 

devices,13-15 and electrode materials.16 Such applications require tailored optical 

properties. Thus, adjusting particle size and shape become essential. Consequently many 
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approaches for the synthesis of size and shape-controlled metal nanoparticles have been 

presented in the literature, ranging from procedures of the reduction of the metal salt in 

solution to seed-mediated growth on a substrate.17-24 Indeed, accurate control of particle 

growth kinetics was established for a number of synthesis routes, such that size-

monodisperse gold and silver nanoparticles are available as building blocks for 

plasmonic assemblies.25, 26 However, even if well-defined particles can be synthesized, 

choosing the optimum particle size for the applications mentioned above is a highly 

challenging task. First, purely theoretical predictions on the ideal particle size for a 

specific task are difficult. For example surface enhanced Raman scattering (SERS) from 

single nanoparticles shows a complex size dependence.27 As another example, the ideal 

particle size of metal nanoparticles to be used as scattering centers in photovoltaic 

devices is difficult to estimate due to the strong absorptive losses.28 As well, the catalytic 

activity of nanoparticles shows a highly complex size and composition dependence. 

Second, particles are typically used in a substrate supported form, and hence their 

optical properties differ from the ones in solution.  

Consequently experimental screening studies of substrate-supported nanoparticles of 

variable size are inevitable for finding the optimal size for particular tasks. For such 

screening studies, ideally, a library of particles with different size should be immobilized 

on specific positions of a substrate, such that combinatorial screening of properties under 

identical conditions is possible. At the same time, interparticle coupling has to be 

avoided, since coupling results in a complex alteration of LSPR properties.  

In this work we present the first realization of such a “plasmonic library”. We take 

advantage of diffusion rate controlled preparation of spherical and highly monodisperse 

gold particles with distinct particle sizes that are immobilized on a substrate in a way 

that avoids interparticle plasmonic coupling. Our colloidal building blocks were gold-

core/poly(N-isopropylacrylamide)-shell (PNIPAM) particles.29 These particles were 

deposited on glass substrates by spin-coating in order to prepare a homogeneous 

monolayer of gold nanoparticles of 9-15 nm in diameter. Due to the polymeric shell, the 

gold cores were well separated with interparticle distances on the order of 200 nm. 

Consequently, agglomeration of the particles and hence plasmon resonance coupling are 

avoided and a constant particle density is ensured. In addition the particles can be fixed 

to the substrate, which allows for wet-chemical post-treatment. Larger particle sizes 

were achieved by seeded growth of the adsorbed particles with a growth solution 

containing surfactant, HAuCl4, and ascorbic acid. Instead of focusing on a particular 
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particle size, we prepared a uniaxial gradient of particle sizes on substrates with 

extraordinarily large macroscopic dimensions. The gradient was achieved using a dip-

coating procedure. The immersion time of the substrate in the growing solution 

determined the reaction time. Thus, a direct investigation of particle growth in terms of 

particle size as a function of time is accessible. Our system shows diffusion-limited 

growth, which allows the exact size adjustment, but also size predictions become 

possible. Furthermore, we observe neither Ostwald ripening nor secondary nucleation.  

Due to the continuous gradient in particle size, the prepared substrates show a gradient 

in plasmonic properties, too. The optical properties were investigated by UV-Vis 

spectroscopy, and the results were compared to theoretical predictions from Mie 

theory.30 Since the particle monolayer has a constant particle density independent of the 

position on the large substrate, the optical changes along the particle gradient are caused 

solely by the changes in particle size. The presented approach is fast, cost-effective, and 

versatile in terms of accessible particle sizes. Since the interparticle distance is 

determined by the thickness of the PNIPAM shell, larger or smaller separations are 

achievable through tuning the polymer thickness.31 This will for example allow for 

single-particle spectroscopy and sensing studies and the effective screening of the 

particle performance. 

 

6.2 Experimental 
Materials 

All chemicals were purchased from Sigma-Aldrich unless mentioned differently: 

Gold(III) chloride, HAuCl4 3H2O (≥99.9%), cetylmethylammonium bromide (CTAB; 

≥99.9%), ascorbic acid (≥99.9), N-isopropylacrylamide (NIPAM; 97%), N,N´-

methylenebis(acrylamide) (BIS; ≥99.5%; Fluka), potassium peroxodisulfate (≥99.0%; 

Fluka), trisodium citrate dihydrate (≥99%), sodium dodecyl sulfate (SDS; ≥99.0%), and 3-

butenylamine hydrochloride (BA; 97.0%) were used as received without any further 

purification. Water was purified using a Milli-Q system (Millipore). The final resistivity 

was 18 MΩcm.  

 

6.2.1 Synthesis of Gold-Core/PNIPAM-Shell Particles  

Au-core/PNIPAM shell particles were prepared as previously reported.29 Briefly the 

core/shell particles were synthesized in two steps: Gold nanoparticles of 9-15 nm in 
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diameter were prepared by the well-known citrate reduction protocol of Turkevich and 

Enüstün.20 A 500 mL amount of an aqueous solution of HAuCl4 ([Au3+] = 0.5 mM) was 

heated until heavy boiling. Then 25 mL of a 1 wt % aqueous trisodium citrate dihydrate 

solution was added quickly during strong stirring with a magnetic stirrer. After 15 min, 

the deep-red gold nanoparticle dispersion was allowed to cool to room temperature. The 

gold particles were then functionalized by the dropwise addition of 3 mL of an aqueous 

SDS solution ([SDS] = 0.624 mM) and 20 min later by the addition of 0.98 mL of an 

ethanolic BA solution ([BA] = 2.88 mM). The particles were cleaned and concentrated 

using centrifugation at 1400 rcf. Several centrifugation steps were necessary to separate 

the majority of particles from the dispersions. The residues were collected and mixed, 

leading to a gold nanoparticle stock solution with a concentration of [Au0] = 0.011 mM. 

The as-prepared functionalized gold nanoparticles were encapsulated in poly(N-

isopropylacrylamide) shells using free-radical precipitation polymerization. A 791 mg 

amount of the monomer NIPAM and 161 mg of the cross-linker BIS were dissolved in 

200 mL of water in a 250 mL three-neck round bottom flask. The clear solution was 

heated to 70 °C and purged with nitrogen. After 15 min of equilibration time, 5 mL of the 

as-prepared functionalized gold nanoparticle stock solution ([Au0] = 0.011 mM) was 

added dropwise. The polymerization was initiated by the rapid addition of 4 mg of 

potassium peroxodisulfate dissolved in 1 mL of water. The reaction was allowed to 

proceed for 2 h under continuous stirring with a magnetic stirrer. The core/shell 

particles were cleaned by repeated centrifugation/redispersion steps. The final residues 

were collected, redispersed in approximately 15 mL of water, and freeze-dried.  

 

6.2.2 Substrate Preparation  

Microscopy glass slides (Fisher Scientific, Premium microscope slides 12-544-4) were 

cleaned by using an RCA-1 solution of NH4OH/H2O2/H2O in the ratio 1 : 1 : 5 at 80 °C 

for 20 min.32 The cleaned glass slide was placed on the spincoater (model P6700, 

Specialty Coating Systems Inc.) and was coated with a 1 wt% solution of Au-PNIPAM 

particles, which were deposited by using a ramp of 20 s from 0 to 500 rpm, 20 s from 500 

to 1000 rpm, and kept at this speed for 90 s. Both sides of the glass slide were coated. To 

fix the monolayer on the substrate, the slide was heated by a heat gun for 1 min at 200 

°C. For the overgrowth of the 15 nm gold cores the substrate was dipped into a growing 

solution at 100 mm/min and pulled out with decreasing speed (see SI 3) using a dip-
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coater (DC/D/LM, KSV Instruments). The growth solution was prepared by slowly 

adding 416.8 μL of 0.1 M HAuCl4 under vigorous stirring to 100 mL of 0.1 M CTAB, and 

after 5 min 588 μL of a fresh solution of 0.1 M ascorbic acid was added dropwise under 

vigorous stirring. Finally the substrate was washed by immersing it twice in Milli-Q 

water at 29 °C first for 20 min then for 19 h. The optical properties of the plasmonic 

substrate were investigated by UV-Vis extinction spectroscopy. To investigate the gold-

core dimensions, the PNIPAM shell was removed by heat treatment, following the 

procedure of Jaber et al. under a nitrogen atmosphere.31 

 Simulation. Classical Mie theory30 is an exact solution of Maxwell's equations that was 

applied to model the optical response of Au particles in different media. Extinction cross 

sections of ideal spherical particles were calculated by a code implementation based on 

C. Mätzler33 following the formulations of Bohren and Huffman.2 We modified the code 

to allow for screening of the LSPR by variation of the optical constants of the 

surrounding medium. For the optical constants of gold we applied a fitting of the 

experimental data by Johnson and Christy34 (six coefficients, RMS error = 0.211). 

Characterization. UV-Vis spectra were taken with a Specord 250 Plus from Analytik 

Jena. To determine the particle diameter, AFM height images were recorded in 

intermittent contact mode with a Nanoscope V from Bruker. The height of the particles 

was determined by cross-section analysis using the program WSxM 5.0 from Nanotec 

Electronica S.L. The SEM pictures were made with a LEO 1530 VP Gemini from Zeiss 

operating at 2 kV, and the sample was sputtered with 1.3 nm of Pt. The initial gold 

nanoparticle cores as well as the initial Au-core/PNIPAM-shell particles were analyzed 

by TEM using a FEI TF 20 transmission electron microscope operated with an 

acceleration voltage of 200 kV. Samples were prepared by drop-casting of dilute aqueous 

dispersions on carbon-coated copper grids (400 mesh). The hydrodynamic dimensions of 

the Au-core/PNIPAM-shell particles were determined by dynamic light scattering 

(DLS). DLS measurements were conducted with a standard goniometer setup (ALV, 

Langen, Germany). Measurements were performed at a constant scattering angle of 60°. 

We used a HeNe laser (JDSU, USA) with 632.8 nm and a maximum output power of 35 

mW as the light source. The sample temperature was regulated by a heat-controlled 

toluene refractive index matching/ temperature bath. Multiple intensitytime 

autocorrelation functions were recorded and analyzed by inverse Laplace transformation 

using the CONTIN algorithm.  
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6.3 Results and Discussion 
The basis of our substrate-supported plasmonic arrays are gold-core/poly(N-

isopropylacrylamide)-shell particles. These inorganic/organic hybrid particles were 

synthesized in two steps. First the gold cores were synthesized via the method of 

Turkevich and Enüstün20 (Figure 6-1a) and afterward encapsulated in a PNIPAM 

network by free-radical precipitation polymerization Figure 6-1b). The diameter of gold 

cores (prior encapsulation) was measured with TEM and found to be 15.4 ± 1.6 nm. The 

corresponding UV-Vis extinction spectra can be found in SI 1 in the Supporting 

Information.  

 
Figure 6-1 TEM images of (a) the Au cores prior to polymer encapsulation and of (b) the Au-core/PNIPAM-
shell particles. The shell is visible as the dark gray corona around the gold cores. (c) AFM height image of a 
monolayer of the core/shell particles deposited on glass by spin-coating. (d) Depiction of the gradient 
fabrication: First the core/shell particles were synthesized. Second the particles were deposited on glass 
substrate via spin-coating. In the last step the substrate was mounted on a dip coater and immersed in an Au 
growth solution and pulled out.  

Figure 6-1d depicts how the surface coatings with a gradient in plasmonic properties 

were prepared. After the particle synthesis a monolayer of well-separated gold 

nanoparticles was produced by spin-coating of the gold-core/PNIPAM-shell particles 

onto glass substrates. This deposition results in a close-packed monolayer of particles, 

which has locally hexagonally close-packed structures. Due to the PNIPAM shell, a well 

defined separation of the gold cores is achieved.31 Thus, plasmonic coupling between the 
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gold cores by aggregate formation can be avoided.35 Our selfassembly approach via spin-

coating of the gold-core/ hydrogel-shell particles differs from recent works reported in 

the literature, which focus on systems with plasmonic coupling. These assemblies utilize 

small interparticle distances, which can be achieved by short spacers such as polymer 

ligands,36,37 DNA,38 or polymeric spacers combined with Langmuir-Blodgett 

techniques.39,40 A representative AFM image of the spin-coated monolayer is presented 

in Figure 6-1c and in SI 2 of the Supporting Information. The radial distribution function 

of SI 4 shows five distinct peaks, which emphasizes also the quality of the monolayer. In 

the last step the gradient in particle size was created by in situ overgrowth of the 

deposited colloids. Before the overgrowth the particles were physically immobilized on 

the substrates by short thermal treatment for the following modification. In order to 

change the gold particle dimensions of the adsorbed Au-PNIPAM particles, a gold 

growing solution containing CTAB, HAuCl4, and a weak reducing agent (ascorbic acid) 

was used. To produce a gradient in core size, and therefore in plasmonic properties, the 

sample was mounted on a dip-coater. The glass slide with the particle monolayer was 

fully immersed into the gold growing solution. The substrate was pulled out 

immediately with decreasing speed. In order to create substrates with a well-defined 

distribution of nanoparticle sizes and consequently well-defined localized plasmonic 

properties, the kinetics of nanoparticle growth has to be considered when choosing the 

dipping protocol. The dipping experiment is performed under a massive excess of gold 

ions in solution, such that nanoparticle growth is not affected by depletion of the gold 

ions in the course of the experiment. As well, secondary nucleation is not observed. As a 

consequence, the number of particles remains constant throughout the experiment, and 

only the radius of the assembled gold cores increases. The growth kinetics for post-

modification of Au-core/PNIPAM-shell particles in solution has not been quantitatively 

investigated yet. Studies on the catalytic performance of gold nanoparticles encapsulated 

in crosslinked PNIPAM networks show that diffusion of reactants is hindered inside the 

PNIPAM network as compared to free diffusion in water.41 The authors have also found 

that the diffusion rate decreases with increasing cross-linker content. In addition, 

surpassing the volume phase transition temperature the diffusion becomes significantly 

slower due to the collapse of the microgel shell. Hence we expect that the growth of gold 

nanoparticle cores inside PNIPAM should be limited by diffusion and significantly 

slowed due to the polymer shell as compared to bare nanoparticles in solution. For a 

diffusion-limited process, we expect nonlinear growth kinetics with a decrease in radial 
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growth with time (in the simplest case a square-root time dependence). Thus, in order to 

compensate for the expected nonlinear growth kinetics and arrive at a continuous 

variation of particle diameter across the substrates, we varied the dipping speed of the 

samples accordingly. The applied dip-coating ramp for withdrawal is depicted in the 

histogram presented in SI 3, illustrating a fast withdrawal speed at the beginning and a 

deceleration throughout the experiment. Following this growth procedure the particles 

on the top part of the substrate leave the growing solution first, and particles deposited 

at the bottom have the longest exposure time in the growing solution. The solid red line 

in the photograph shown in Figure 6-2c displays the maximum immersion depths. The 

differences in exposure time lead to a continuous increase of core diameters from top 

(position A) to bottom (position P).  

 
Figure 6-2 Particle size investigation along the gradient: (a) Histograms of the particle size for five different 
positions on the substrate (details for all 16 spots can be found in Figure 6-5) with diameter increasing from 
top to bottom (positions A to P) and (b) corresponding SEM images. (c) Photograph illustrating the 
macroscopic appearance of the glass slide, where the color gradient is attributed to the increasing particle 
size from position A (smallest gold cores, not overgrown) to P (largest, overgrown gold cores). The black 
lines indicate the positions on the substrate. The red line marks the maximum immersion depth. The scale 
bar is 2 cm. (d) Growth kinetics evaluated by AFM. (e) Effective diffusion coefficient (Deff) evaluated by 
incremental regression of the change in size using Eq 1. Dashed curves are guides to the eye. 

To investigate the gold-core diameter, we performed atomic force microscopy (AFM) at 

16 positions on the substrate (see Figure 6-5 for a complete overview of particle sizes for 

all positions). The z-resolution of AFM is very reliable from the subnanometer to the 

micrometer regime and therefore suitable for size investigations of the experimental 

diameter range.42 Before the AFM images were recorded, the polymer shell was removed 

by thermal treatment at 550 °C. This is necessary in order to be able to analyze only the 
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dimensions of the gold cores. Since this step influences the spectroscopic properties, it 

was carried out after the spectroscopic characterization reported later. For each position 

on the substrate, 300 particle cross sections of particles with a circularity larger than 0.85 

were analyzed. The results of five individual positions are shown in Figure 6-2a (see 

Figure 6-5 for a complete data set). In order to determine the mean diameter at each 

position, we applied log-normal fits to account for slight deviations from normal 

distributions (see Figure 6-2a and 5). From the results the increase in diameter from 9.2 

(+4.9/-4.5) nm to 56.6 (+3.9/-2.7) nm from position A to P is clearly visible, which results 

in an average size increase of 0.77±0.05 nm/mm. The diameter obtained from AFM at 

position A, where no overgrowth happened (not immersed in the growing solution), is 

slightly smaller than what we obtained from TEM measurements. This was also 

observed in ref 31. Considering the error for both measurement techniques, AFM and 

TEM, the particle sizes are in the same range. The SEM pictures presented in Figure 6-2b 

show the particles at the corresponding positions without the shell (after thermal 

treatment). The size increase along the gradient is clearly visible. The images also prove 

the position stability, because the particles have not aggregated during the overgrowth. 

They are still assembled in a hexagonal fashion and well separated from each other. The 

period of the hexagonal arrangement of particles was analyzed by a radial distribution 

function (RDF), from which the average nearest neighbor distance between the centers of 

gold cores and the quality of the monolayer can be determined (see Supporting 

Information SI 4). As expected, the RDF exhibited an average intercore separation of 

233 nm, which is in good agreement with the hydrodynamic diameter (253 nm, DLS) of 

the core shell particles. Interparticle coupling comes into account when the gap between 

the two particles is less than 2.5 times the particle diameter.43 Consequently, we can 

neglect the interparticle coupling because the expected minimum gap between the 

particles is still about 3.2 times the particle diameter when the system reaches its 

maximum particle size of 56.6 nm. The SEM images also reveal the high quality of our 

growth procedure, since no additional particles appeared on the substrate, and hence 

secondary nucleation is completely avoided. The evolution of the particle diameter as a 

function of the exposure time allowed for a quantitative analysis of the growth kinetics. 

Figure 6-2d displays the increase in diameter with time as obtained by AFM. As 

expected for a diffusion-limited process, the increase in size slows over time.44 From the 

evolution of the particle size the effective diffusion coefficient (Deff) can be evaluated 

based on Fick's first law of diffusion: We consider that a known amount of seed particles 
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with initial radius r0 is introduced into a supersaturated solution containing a 

concentration c of Au+ ions, at t = 0. The seed particles (r0 = 4.6 nm, AFM) are much 

larger than the Au+ ionic species (rAu+ = 0.137 nm).45 Furthermore, we assume that (a) the 

seed particles are immobilized on the substrate and thus do not aggregate, (b) no 

nucleation occurs during the seeded growth process, and (c) particle growth may be 

viewed in terms of the reduction of the Au+ ions to Au0 on the surfaces of stationary seed 

particles. The flux J of Au+ ions toward the seed particles is given by Fick's first law of 

diffusion: J = -D∂rc. At steady state, the number of ions per time reaching the seed 

particle is j = 4πr2|J|. Assuming a linear concentration gradient of Au+ between the seed 

particle surface and the bulk solution, we have have j = 4π D r c∞, where c∞ is the 

concentration of Au+ ions at infinite distance from the central seed particle of radius r. 

Assuming that only the Au+ ions undergo Brownian motion, characterized by a diffusion 

coefficient D, then the volume growth of the seed particles is ∂tV = VAu0 j, i.e., the ion flux 

j times the partial volume increase per ion (rAu0 = 0.144 nm),45 which yields r dr = VAu0 D 

c∞ dt. If the aqueous phase is of infinite volume, then the bulk concentration of Au+ is 

constant (c∞ = 0.413 mM) and the equation may be integrated with the initial condition 

r(t = 0) = r0 to give the effective diffusion constant Deff. Thus the resulting growth law is 

r2-r02 = 2 VAu0 Deff c∞ t which can be solved for Deff: 

𝐷eff =
𝑟2 − 𝑟02

2𝑉Au0𝑐∞𝑡
      (1) 

Considering the complete growth process, we found a mean effective diffusion 

coefficient of <Deff> =6 10-14 m2s-1, i.e. about 3 orders of magnitude slower than for CTAB-

stabilized Au+ ions in aqueous solution. The Stokes-Einstein relation predicts a 

DAu+@CTAB = 9∙10-11 m2s-1 for Au+ species complexed with stabilizing CTAB micelles of 

6 nm diameter46 in pure water at 30 °C. This deceleration could easily be due to the 

slower diffusion inside the PNIPAM shell, which acts as a diffusion barrier, and the 

confined location of the seeds at the surface (not being distributed homogeneously in the 

bulk solution).  

The high data density of our AFM study also allows for an incremental investigation of 

the diffusion evolution and thus the time-dependent character of Deff. The time evolution 

of the effective diffusion coefficient is depicted in Figure 6-2e for each individual growth 

step. Apparently, Deff decreases almost a full order of magnitude throughout the growth 

process. The double logarithmic plot in Figure 6-2e indicates the direct correlation of the 

diffusion deceleration and the size increase of Au cores inside the PNIPAM shells.  
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We believe that the deceleration of the diffusion is related to morphological changes of 

the PNIPAM shell. Upon growth, the expansion of the core particle may induce a 

compression of the PNIPAM network in close vicinity. Thus, a more compact polymer 

interphase47-49 would hinder the transport from bulk solution through the shell 

membrane. A detailed investigation of this rather complex behavior will be addressed in 

a future study and is not in the scope of the present work.  

The impact of the change in core size on the plasmonic properties of the particle 

monolayer is already visible with the bare eye. In the photograph shown in Figure 6-2c a 

pronounced color gradient from nearly transparent to deep purple from the top to the 

bottom of the substrate is visible. This impression on the macroscopic scale is an 

indication of the gradient in Au-core size. The increase in color intensity can be 

attributed to a rise in extinction of the overgrown gold cores. This size gradient leads to 

position-dependent plasmonic properties.50 For the optical characterization we 

performed UV-Vis extinction spectroscopy. The results for five positions along the 

gradient are presented in Figure 6-3a and b (for all 16 positions see Figure 6-5). The 

measured area was 7x1.3 mm² due to the beam size of the UV-Vis spectrometer. The 

rectangular illumination spot was set perpendicular to the dipping direction (indicated 

by the black lines in the photograph of Figure 6-2c). Since the measurement averages 

over a large population of nanoparticles, a local ensemble average of spectroscopic 

properties is analyzed.  

In order to determine the influence of the refractive index of the surrounding medium 

on the plasmonic properties, we performed extinction measurements against air as well 

as in water. The spectra were taken in 4 mm steps starting from the original, not 

overgrown particles, at position A. The extinction spectrum recorded at position A is 

noisy, and only a week signal was detected. In order to determine the LSPR position, we 

fitted the spectra with a Lorentzian function (black dotted line). Going from the original 

particles at position A along the gradient to position P, two effects are visible: On one 

hand the extinction rises by 2 orders of magnitude, and on the other hand the LSPR 

position shifts to higher wavelengths. The higher extinction cross-section can be 

attributed to the increase in gold particle diameter only since the number of particles per 

area is constant throughout the whole substrate. In other words, the measurement at 

position A analyzes nearly the same number of gold particles as the measurement at 

position P. The increase in extinction with increasing particle size can be attributed to an 

increase in the volume fraction of gold in the plasmonic coating. The volume fraction of 
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the plasmonic particles in a hypothetical layer of gold can be calculated using the gold 

core diameter as the height of the plasmonic layer and the surface coverage, i.e., the 

number of gold particles per area. The results are presented in SI 5A, where the volume 

fraction is plotted against the logarithm of the immersion time. The volume fraction 

increases by 2 orders of magnitude from 7.4∙10-4 from the original core diameter at 

position A to 2.6∙10-2 at position P. Apart from an increase in extinction along the 

gradient, the LSPR peak is red-shifted due to the increasing diameter. The red shift of the 

LSPR with increasing particle size is well known from literature.51, 52  

 

 
Figure 6-3 Results from UV-Vis extinction spectroscopy of the 
gradient substrate. Spectra recorded at five different positions 
measured (a) against air and (b) in water (details for all 16 
spots can be found in Figure 5). (c) LSPR positions as a 
function of core diameter (determined from AFM). 

 

A shoulder at higher wavelength can be observed in the extinction spectra of larger core 

dimensions shown in Figure 6-3a and b. This shoulder shifts to higher wavelength for 

increasing particle diameter (see Figure 6-5 going from position I to P). We attribute the 
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shoulder to particles with nonspherical morphology such as rods, plates, or triangles.53 

These morphologies can evolve during the particle growth due to the polycrystallinity of 

the used seed gold particles. It is well known that the growth velocity of plasmonic 

nanoparticles is different on different facets, which can lead to anisotropic particles.17 For 

larger growing times, also elongation of the rods is supported, which leads to a red shift 

of the longitudinal peak of the rods; visible as the shoulder; to the near-infrared.54 In the 

graph shown in SI 5B the percentage of nonspherical objects is plotted against the 

logarithm of the immersion time. For this analysis at least 1400 particles were counted at 

each position on the substrate. Particles were considered as spherical when the 

circularity was higher than 0.85. The ratio of nonspherical gold cores is not higher than 

12%, and therefore their spectral contribution is not dominating the extinction spectra. 

The LSPR intensities and positions are mainly influenced by the varying diameter and 

the refractive index of the surrounding medium.  

Since we measured the UV-Vis spectra at similar positions as we determined the particle 

size, we can plot the LSPR position as a function of the core diameter (Figure 6-3c). With 

increasing particle diameter the LSPR peak is shifted toward larger wavelengths. An 

overall LSPR shift of 25.5 nm for measurements against air and 26.7 nm in water is 

observed when the spectra measured at positions A and P are directly compared. The 

LSPR could be shifted further toward red upon additional size increases, which was not 

in our interest. Larger core sizes would inherently result in a broadening of the LSPR 

extinction peak associated with a loss in absorption and a strong increase in scattering.27 

Surprisingly the LSPR at each sample position measured against air is red-shifted 

compared to the LSPR in water. This behavior is different from that expected for bare 

gold particles, where a red shift is observed as the refraction index of the surrounding 

medium changes from n = 1.00 (air) to 1.33 (water).  

The presence of the polymer shell, however, explains these findings.55, 56 For 

measurements against air the PNIPAM shell is in a dried state. The local polymer 

density in close vicinity of the gold nanoparticle cores is expected to be much higher 

compared to the swollen state (sample immersed in water). Therefore, the local refractive 

index is rather high, although the substrate-surrounding medium is air. In contrast, if the 

substrate is immersed in water, the PNIPAM shell swells for temperatures below the 

volume phase transition temperature. In this case, the polymer density in the vicinity of 

the gold cores decreases significantly. Thus, the local refractive index at 25 °C will be 

close to the value of water due to the rather large degree of swelling. Although the 
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swelling of the polymer shell will not be as high for particles adsorbed on a substrate as 

compared to a particle dispersed in aqueous solution, the water content in the shell can 

easily reach 80-90%.52 Hence, the PNIPAM shell plays a crucial role in the position of the 

LSPR peak. Recently Tagliazucchi et al. showed in theoretical studies that the LSPR peak 

always shifts to higher wavelengths when the solvent for a gold-core/PNIPAM-shell 

particle is changed from good to bad.57 This observation implies that the red shift 

expected due to increasing polymer density always overcomes the blue shift expected 

from decreasing layer thickness.  

In our case the increase of the local refractive index is triggered by water evaporation 

during drying and therefore an increase in the polymer fraction in close proximity 

around the core. Even if a residual water content of 12% is considered in the PNIPAM 

network for the dried state, which is known in the literature,58, 59 the overall polymer 

fraction in the dried state has to be higher around the core than for the water-immersed 

particles. Since the refractive index of the polymer PNIPAM (n = 1.52) is higher than that 

of water, the red shift in our experimental results can be explained.57, 58 To quantitatively 

describe the red shift of the plasmon resonance wavelength λLSPR with increasing gold 

nanoparticle diameter d, we used the allometric power law as follows: 

𝜆𝐿𝑆𝑃𝑅 = 𝑘𝑑𝑎 + 𝑐 

with k as amplitude, a as scaling exponent, and c as offset constant (for values, see 

Supporting Information Table SI 1). To the best of our knowledge, the power law 

description is a more precise description of the plasmonic red shift compared to an 

earlier publication, which used an exponential power law with respect to a bulk 

refractive index change.60 Figure 6-4a shows the approximation of the allometric power 

law to the Mie theory modeling at different surrounding refractive indices.61 The 

plasmon resonance positions for the used particle diameters and four different refractive 

indices ranging from air (n = 1.00) to glass (n = 1.52) are determined. 
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Figure 6-4 (a) Plasmonic resonance (LSPR) modeled by Mie theory for different surroundings and gold-core 
diameters. (b) Apparent surrounding refractive index as expected from the experimental LSPR position 
observed against air and in water. (c) 3D representations of AFM height images in air for increasing core 
diameters of the core/shell particles from left to right. (d) Schematic depictions of the cross sections through 
gold-core (red)/PNIPAM-shell (yellow) particles for different core diameters deposited on a glass substrate 
(gray); blue is the surrounding medium.  

Consequently, from theoretical modeling we expect a concave shape of the plasmon 

resonance with increasing diameter (Figure 6-4a), but our experimental observation 

shows a convex characteristic (Figure 6-3c). To discuss this discrepancy, we derived a so-

called average surrounding refractive index 𝑛� from the plasmon resonance position for a 

specific particle diameter. An intermediate parabola fitting step is necessary to obtain the 

surrounding refractive index from the plasmon resonance position at a given particle 

diameter. This intermediate step is described in more detail in the Supporting 

Information 6.5.7. The results of the performed analysis are shown in Figure 6-4b. In the 

swollen state the refractive index changes between 1.31±0.03 and 1.47±0.03. In the dried 

state the refractive index lies between 1.45±0.04 and 1.52±0.06 and therefore 0.08±0.04 

higher compared to the swollen state. These findings reveal indeed that the increased 

polymer density in the dried state leads to a larger refractive index in the nanoparticle 

vicinity as compared to the water-swollen system. However, the calculation of the 

average refractive index based on the experimental LSPR positions considers a 

homogeneous refractive index environment. Due to the finite size of the PNIPAM shell, 



Chapter 6 

93 

potential density inhomogenieties in the shell, and the presence of the glass substrate 

(n = 1.52) underneath the adsorbed particles, the real refractive index environment is 

more complex. This complexity can be seen in the AFM height profiles in Figure 6-4c and 

is also illustrated in the scheme in Figure 6-4d. The AFM images were recorded at four 

sample positions with different core sizes increasing from left to right. For small-core 

dimensions (approximately 15 nm) the core is nearly invisible (image on the far left in 

Figure 6-4c). On growing the gold particle inside the network (approximately to 60 nm), 

the core becomes more and more pronounced. Finally, the gold particle is clearly visible 

and the PNIPAM shell is stretched around the core particle (fried egg shape). The 

scheme in Figure 6-4d depicts cross sections of the system and represents the possible 

structural morphology of the deposited particles. Despite the complex setup, the 

plasmonic shift can be described sufficiently enough by an average surrounding 

refractive index model based on Mie theory.2, 30 This simple theoretical model makes the 

plasmonic array a valuable template for versatile applications (post-treatment) such as 

reversible tuning of the plasmonic resonances over the full visible spectrum,62 high 

sensitivity sensing,63 and precise mapping of the plasmonic hybridization model.64, 65  

Figure 6-5 summarizes the extremely precise control of both particle size and LSPR that 

can be achieved by the approach. The large size of the gradient on the centimeter scale 

together with the very sharp local size distributions allow screening sizes and plasmonic 

properties in 16 equidistant steps between positions A and P indicated in Figure 6-2c. 

Thus, the requirements for a plasmonic library are met for the first time.  
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Figure 6-5 The first column depicts histograms of all measured spots of the substrate A to P with increasing 
particle diameter. The second column shows the corresponding SEM images. Columns 3 and 4 show the 
related UV-Vis extinction spectra in water and in air.  
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6.4 Conclusion 
We have presented a novel approach for the formation of macroscopic, substrate-

supported arrays of plasmonic nanoparticles with well-defined interparticle spacing and 

a continuous particle size gradient. The core/shell nature of the individual particles 

allowed for creating monolayers with interparticle distances for which local interparticle 

coupling effects are negligible. At the same time, post-modification of the substrate-

supported arrays allowed for a controlled overgrowth of the plasmonic cores, such that 

the local particle size could be varied in a gradient fashion between 9.2 and 56.6 nm, 

which allows for spectroscopic analysis of 16 intermediate sizes. The local particle sizes 

were determined and the kinetics of core growth could be explained by a diffusion-

limited growth model. The hydrogel shell resulted in a reduction of effective diffusion 

coefficients to to <Deff> = 6 10-14 m2s-1, which allowed for a precise control of particle 

sizes. Spectroscopic investigations and comparison to generalized Mie theory show that 

local plasmon resonance frequency and extinction are systematically varying over a 

broad range, while the single-particle character of the LSPR is maintained. 

Consequently, the substrates present a “plasmonic library” that can serve as a substrate 

for screening experiments to find the optimum size for specific applications.  

The concept presented here can be generalized in various ways. First, rather than 

choosing the hydrogel shell such that interparticle coupling is avoided, thinner hydrogel 

shells will allow for precisely following the onset of interparticle coupling and 

systematic studies of near-field effects such as hot-spot formation. In this respect the 

temperature-sensitive character of the PNIPAM shell can also be exploited to achieve 

temperature-controlled interparticle separations, especially if a cross-linking step and 

delamination from the substrate are added, as for example realized in 3D 

superstructures.66, 67 Second, the overgrowth protocol can be expanded toward probing 

not only size effects but also compositional effects. First experiments demonstrate 

successful overgrowth of gold cores with a second metal, opening an additional 

dimension for combinatorial screening. This will be especially of interest for screening 

catalytic nanoparticle properties as well as the impact of overgrowth on changes in LSPR 

characteristics.  
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6.5 Supporting Information 

6.5.1 SI 1: UV-Vis extinction spectra of gold cores and core/shell particles in aqueous solution  

The optical properties of the gold cores prior to encapsulation and the core/shell hybrid 

particles were analyzed by UV-Vis extinction spectroscopy (Figure S1). The black 

spectrum was measured for the gold cores before the polymer encapsulation. The 

position of the localized surface plasmon resonance is 518 nm. The red spectrum 

corresponds to the core/shell colloids. In comparison to the spectrum of the gold cores, 

the extinction for the core/shell particles shows a pronounced increase in extinction 

toward lower wavelength. This can be attributed to scattering from the rather large 

PNIPAM shell.1 In addition the LSPR is slightly shifted to higher wavelength due to the 

increased refractive index, i.e., PNIPAM has a higher refractive index than water. 

 

 
SI 1 UV-Vis extinction spectra of citrate stabilized gold (black line) and 
goldcore/PNIPAM-shell particles (red line) measured in water at 25 °C. 

 

 

6.5.2 SI 2: AFM height profile of particle monolayer 

Representative image of the spin-coated Au-core/PNIPAM-shell monolayer before 

overgrowth of the gold cores. 
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SI 2 AFM height image of a representative Au-core/PNIPAM-shell 
monolayer after spincoating. 

 

 

6.5.3 SI 3: Details on withdrawal process 

 

 
SI 3 Histogram of the used withdrawal ramp. The substrate is immersed 60 mm and 
afterward pulled out with decreasing speed. 

 

 

6.5.4 SI 4: Evaluation of the mean interparticle distance from the radial distribution function 

To calculate the average interparticle distance between the assembled gold cores a radial 

distribution function was generated using a SEM image with 1633 particles on an area of 

80 μm². The average center-to-center distance of the gold cores is 233 nm as determined 

from the first maximum of the radial distribution function. From the five distinct RDF 

peaks the high structural quality of the monolayer can be evaluated.  
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SI 4 Radial distribution function of Au-core/PNIPAM-shell particle monolayer 
assembled on a glass substrate. 

 

 

6.5.5 SI 5: Evaluation of the volume fraction of gold throughout the gradient 

Between position B and G of Figure SI5A the volume fraction is in the same range and 

the first position where an increase in the volume fraction is visible is at position H. This 

is related to the detection of a stronger UV-Vis signal and less noisy spectra. Figure S5B 

shows the amount of non-spherical objects for the positions on the substrate. We 

assumed particles with a circularity higher than 0.85 as spherical. At least 1400 particles 

were investigated per sample position. The number of non-spherical particles is 

increasing along the gradient and is 12% for the longest immersion times at position P.  

 

 
SI 5 A shows the increasing volume fraction of the gold cores in a hypothetical closed gold 
layer of the same height as the core diameter. B shows the amount of none spherical objects 
(circularity less than 0.85) for increasing exposure time in the growth solution. 
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6.5.6 SI 6: Quantitative description of the red shift of the LSPR for different particle diameter 

by an allometric power law according to Mie theory 

To describe the shift of the plasmon resonance λLSPR for increasing particle diameter in 

different surroundings of refractive index n, we applied the following allometric power 

law:  

𝜆𝐿𝑆𝑃𝑅 = 𝑘𝑑𝑎 + 𝑐 

with k as amplitude, a as scaling exponent, c as offset constant, and R² as coefficient of 

determination. Table S1 summarizes the coefficients used in Figure 6-4.  

Table SI 1 Summary of coefficients used to determine the LSPR shifts by Mie theory. 

n k / nm(1- a) a c / nm R² 

1.52 0.0019 2.30 537.6 0.998 
1.46 0.0115 1.83 531.9 0.998 
1.35 0.0005 2.25 525.1 0.998 
1.00 0.0001 2.63 505.4 0.995 

 

6.5.7 SI 7: Determination of the average surrounding refractive index from Mie theory 

To obtain the average surrounding refractive index from the plasmonic resonance 

position at specific particle diameter, we made a parabolic fit to the LSPR position 

(equation, errors, and coefficient of determination are given in the inset of Figure SI 6), 

which we determined from Mie theory at different surrounding refractive indices. 

 

 
SI 6 LSPR red shift versus surrounding refractive index and parabolic fit (solid 
red lines) at different gold core diameter. 
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7 Perspectives - Producing a Plasmonic library on 

the single particle level  
 

Unpublished work 

7.1 Introduction 
Plasmonic building blocks have been used for the construction of bottom up sensing 

devices, such as SERS or refractive index sensors and are promising candidates for 

optical wave guiding or efficiency enhancement in photovoltaic devices. The plasmonic 

building blocks for such devices are conventionally synthesized and characterized in wet 

chemical procedures. The manifold protocols allow tailoring the size, composition, and 

shape. However, the usage on a chip changes the environment from homogeneous to 

heterogeneous and therefore the optical properties. The particles experience the 

refractive index of the substrate on the one side and a gas or liquid on the other side. 

Precisely tailored LSPR properties can be lost after the deposition, due to refractive index 

changes, drying effects, aggregation, oxidation processes and so on. It is more 

convenient to deposited seed particles first and to apply a post-modification to adjust the 

plasmonic properties. For such a modification it is crucial to have control over the inter 

particle spacing. Additionally the position stability of the colloids has to be ensured 

during such a chemical treatment.  

We showed in Chapter 6 how gold-core/PNIPAM-shell particles could be used to 

generate plasmonic gradient surfaces on a chip. The shell gave control of the inter core 

spacing, immobilized the particles on the surface and allowed the post-modification due 

to its permeability. The gradient in plasmonic properties from top to the bottom of one 

substrate allowed a fast screening of LSPR positions. The post-enlargement of the gold 

cores was done by immersing a microscopy slide covered with a monolayer of the 

core/shell particles into a gold growth solution, while the sample was withdrawn. This 

led to a gradient in gold core size and therefore to a plasmonic gradient. In general this 

technique enables the fast screening of the optical properties, which are dependent on 

size, geometry, or composition of the particles as a function of substrate and 

environment.  
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Nevertheless, for the development of screening substrates, libraries on a chip, 

combinatorial investigations, or monitoring catalytic activities1, 2 a precise 

characterization of individual particles and/or a special patterning could be necessary. A 

powerful method for single metal particle investigation is dark field (DF) spectroscopy. 

The DF microscope enables the detection of metal nanoparticles down to 20 nm in 

diameter.3 This is possible, due to the special DF illumination under a very high angle, so 

that just scattered light reaches the objective. On top, gold or silver colloids show a large 

scattering cross section.4 Combining such a microscope with an image monochromator 

and a CCD camera makes the detection of the Rayleigh scattering spectra possible. This 

technique allows the plasmonic characterization of single gold or silver particles, due to 

the fact that their optical response is dominated by the strong LSPR.5 The practical 

implementation and data evaluation is described in Ref. 6. Briefly, the microscope is 

used to illuminate the particles and the scattered light of the colloids is collected in the 

objective. Following the light is passed through the entrance slit of the spectrometer onto 

the monochromator and further to the back port of the spectrometer to the CCD. The 

monocromator can also be used as a mirror to find the region of interest in the image 

mode. If the monochromator is used as a grating, the light is dispersed horizontally 

according to its wavelengths. The CCD collects the intensity distribution and the 

software allows integration over the region of interest - the scattered light of the particle. 

To collect the spectra of individual particles some requirements have to be fulfilled: the 

light that is collected and transferred to the spectrometer has to be just the light from the 

particle. That means the substrate has to be clean, because dust and other impurities 

scatter light as well as scratches in the surface. If such objects are close to the particle of 

interest undesired light is also captured and transferred to the spectrometer, which 

complicate or hinder the optical investigation. Furthermore, the metal colloids have to be 

well distributed. It is difficult to determine single particles from small clusters, which 

show different LSPR peaks due to plasmon coupling. That means the distance between 

the metal particles should be in the µm regime for a sufficient optical resolution. Often a 

highly diluted metal particle solution is spin coated on the substrate. To find suitable 

particles and spots the substrate is investigated with SEM prior to DF. This limits the 

usable substrate to conductive substrates like indium tin oxide (ITO). The next challenge 

is the recognition of the area of interest under the DF that can be done by retrieving 

noticeable landmarks. Another option is the etching of marks into the substrate with 
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focused ion beam7 or the use of pre-labeled glass slides.8 The single particle investigation 

in this way, is time consuming and unfavorable for any kind of statistic analysis.  

A more device-oriented approach is the use of pre-patterned substrate, which allows a 

controlled deposition of the plasmonic colloids. The group of J. P. Spatz used e-beam 

lithography to etch holes into a photo resist. Gold salt precursor containing micelles 

were deposited in the grooves of these templates. The micelles that reside on the 

sacrificial resist layer were washed away with acetone so that just the ones in the holes 

remain. After plasma treatment, the gold salt is reduced and nanoparticles are formed.9 

A. P. Alivisatos et al. presented the deposition of Au nanoparticles in trenches of a 

patterned silicon substrate. The substrates were fabricated by lithography and the 

particles were deposited by capillary force assembly during solvent evaporation.10 The 

drawback of these techniques is the recycling of the costly and elaborately fabricated 

substrates. Another access route to such substrates is replica molding of lithographically 

produced masters with PDMS. Once the master is designed, it can be reproduced many 

times. The capillary force assembly process can be adapted to PDMS systems, which was 

shown by C. Kuemin et al.11 The benefit of such substrates is the transfer option to other 

surfaces. T. Kraus et al. showed such a transfer of Au particles surfaces12, where PMMA 

was used as an adhesion promoter for the gold nanoparticles. 

 

We present in this work the template assisted deposition of gold and silver-

core/PNIPAM-shell particles from structured PDMS to glass substrates. The PDMS was 

replicated from lithographical produced silicon masters with micrometer dimensions. 

The core-shell particles were deposited into the trenches of the PDMS via spin coating 

and printed to glass via a wet transfer step.13,14 The benefit of core/shell particles 

combined which such a template assisted method is the controlled deposition of small 

plasmonic particles in a patterned fashion individually. We investigated the quality of 

the transfer process for the Au and Ag-PNIPAM colloids with DF microscopy and 

compared these results with AFM height images. We recorded scattering spectra from 

single particles and clusters. The option of post-modification13 of the core/shell particles 

on substrates15 make these colloids interesting for high throughput screening devices, 

also on the single particle level. 
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7.2 Experimental 
Materials 

Gold(III) chloride trihydrate (HAuCl4 × 3H2O), trisodium citrate dihydrate (≥99%), N'N-

isopropylacrylamide (NIPAM; 97%) and butenylamine hydrochloride (BA), 

cetylmethylammonium bromide (CTAB; ≥99.9%), ascorbic acid (≥99.9), silver nitrate 

(AgNO3; ≥99.0%) and sodium dodecyl sulfate (SDS; ≥99.0%) were purchased from 

Aldrich and used as received. Polydimethylsiloxane (PDMS) Sylgard (184) silicon 

elastomer, curing agent, and precursor were purchased from Dow Corning, USA. N'N-

Methylenebisacrylamide (BIS ≥99.5%) was obtained from Fluka and 1H,1H,2H,2H-

Perfluorodecyltrichlorosilane (96%) from Alfa Aesar. All experiments were carried out 

with deionized water using a Millipore Milli-Q system.  

 

7.2.1 Gold-core/PNIPAM-shell particles 

The gold-PNIPAM core shell particles were prepared according to the synthesis 

presented elsewhere.16 Shortly first the spherical gold nanoparticles of about 15 nm in 

diameter were synthesized following the protocol of Turkevich and Enüstün.17 This 

citrate stabilized particles were functionalized by the drop wise addition of an aqueous 

SDS solution ([SDS] = 0.624 mM) and 20 min later by the addition of 0.98 mL of an 

ethanolic BA solution ([BA] = 2.88 mM). The solution was cleaned and concentrated by 

centrifugation. The gold stock solution was used for the encapsulation with PNIPAM in 

a free-radical precipitation polymerization. A 500 mL aqueous solution containing 1.131 

g of the monomer NIPAM and 231 mg of the cross-linker BIS were heated to 70 °C in a 

three-neck round bottom flask and purged with nitrogen. After 20 min, 8.871 mL of the 

Au-stock solution ([Au0] = 0.011 mM) was added dropwise. Rapid addition of 10 mg of 

potassium peroxodisulfate dissolved in 1 mL of water initiated the polymerization. The 

reaction runs for 2 h under continuous stirring with a magnetic stirrer. The core/shell 

particles were cleaned by repeated centrifugation and redispersions steps. The cleaned 

particles were redispersed in approximately 15 mL water and freeze-dried. 100 mg were 

redispersed in 5 mL water for the seeded growth procedure. The core overgrowth was 

performed by adding 250 µL of the core/shell particles suspension to 15 mL of a gold 

growth solution. The growth solution was prepared by adding 75 µL of a 0.1 M HAuCl4 

slowly to 14.925 mL CTAB ([CTAB] = 0.05 M) under vigorous stirring. After the addition 

of the seed particles 717 µL of a freshly prepared solution of the reducing agent ascorbic 
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acid ([AA] = 10 mM) was added drop wise under vigorous stirring. The solution started 

to change the color from light pink to a deeper reddish pink. After 20 min, the reaction 

was finished and the particles cleaned by 5 centrifugation and redispersion steps. The 

final volume was 1 mL. The hydrodynamic diameter was determined with a zeta sizer 

(Zetasizer Nano-ZS Melbourne) and is Dh=211 nm. The core diameter was analyzed with 

TEM and is 35.8±8.8 nm. 

 

7.2.2 Silver-core/PNIPAM-shell particles 

For the synthesis of the Ag-PNIPAM particles, a multistep synthesis was applied. First 

6.00 g of glycine and 3.64 g of CTAB were dissolved in 200 mL of MilliQ water at 35 °C. 

1 mL of a concentrated dispersion of Au-PNIPAM with a core diameter of 15-20 nm (see 

section 7.2.1) was added to this solution after it cooled down to room temperature. 

Subsequent 16 mL of a 0.1 M NaOH solution was added under stirring. Than 9 mL of the 

reducing agent ascorbic acid (100 mM) was given to the reaction mixture. 13.1 mL of a 

freshly prepared solution of AgNO3 (15 mM) was added quickly. The AgNO3 

solution was kept in the dark. After 2 min, another 655µL of the silver salt 

solution was injected. This step was repeated 20 times. The reaction mixture was 

kept stirring for another 20 min. The growing of the silver layer over the gold 

core was indicated by a color change from slight purple to a yellowish green. The 

particles were diluted to 50 mL and washed via centrifugation and redispersions 

steps. The centrifugation was done at 3740 rfc for 1 h. After two redispersion 

steps with water, two times with ethanol and again two times with water the 

final residue was diluted in 2 mL of water. The core size was determined by TEM 

measurements and is 103.9±9.5 nm. The hydrodynamic diameter was evaluated 

by DLS and is 336 nm. 

7.2.3 Master fabrication 

The masters were fabricated via E-beam lithography. First, a 200 nm layer of PMMA was 

spin cast on a silicon waver. Secondly, the structure was written in the PMMA layer by 

exposure to E-beam lithography. In the next step 30 nm chromium was evaporated on 

top. After the lift off of the PMMA a dry etching step using SF6 (50 sccm) and C4F8 

(30 sccm) with an etching rate of about 76 nm/min was applied. The chromium film was 
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removed by using a chromium cleaning solution. The master (1 x 1 cm) was cleaned for 

20 min in ultra sound (US) bath in a surfactant (Mucasol) solution than 15 min US in 

ethanol, rinsed with water and cleaned for 15 min at 80° in RCA solution containing 

NH4OH/H2O2/H2O in the ratio 1 : 1 : 5. After air-plasma treatment (Herrick PDC- 32G) 

for 10 min the master was silanized over the gas phase by placing it in a desiccator with 

perfluorodecyltrichlorosilane under vacuum over night. Excessive silane was washed by 

immersing the slide successively in toluenen, tetrahydrofuran, water and backwards to 

toluene and dried under nitrogen. 

 

7.2.4 Substrate preparation 

The silanized silicon master was used for replica molding with PDMS. Therefore, the 

PDMS prepolymer was mixed with the curing agent in a mass ration of 10:1, cast over 

the master and placed immediately in a desiccator for at least 15 m in to degas the PDMS 

as complete as possible. The PDMS was cured for 4h at 60 °C. 

 

7.2.5 Particle deposition 

The PDMS cut stamp (1 x 1 cm) was hydrophilized for 1 min in plasma (Plasma 

Technology Flecto 10 USB) directly before use and placed on a spin coater (Headway 

Research Inc. Photo-Resist Spinner). The aqueous particle suspension was placed on top 

of the stamp so that the whole stamp was covered with particle suspension. The 

substrate was accelerated with 200 rpm/s to 4000 rpm and kept at this speed for 80 sec. 

Immediately after particle deposition a second step of spin coating with water for Au-

PNIPAM or CTAB (8mM) for Ag-PNIPAM was applied. After water / CTAB deposition 

on top of particle coated PDMS it was rotated with 500 rpm for 10 sec and subsequent 

accelerated with 175 rpm/s to 4000 rpm and kept at this speed for 100 sec. The particle 

deposition was performed via spin-release presented in Ref. 13. The particle covered 

PDMS stamp was placed on top of a RCA cleaned glass slid wetted with 2 µL water. The 

stamp stayed in contact with the glass for 2h until the water was fully evaporated.  

 



Chapter 7 

111 

7.2.6 Characterization 

The Au- and Ag-PNIPAM were optically analyzed by UV-Vis extinction spectroscopy 

using a Specord 250 plus (Analytic Jena). The core size was determined by transmission 

electron spectroscopy (ZEISS CEM 902) using copper grids with a 200 mesh size 

operating at a voltage of 80 kV. DLS measurements were performed with a standard 

goniometer setup (ALV, Langen, Germany). Measurements were done at a scattering 

angle of 60° and kept constant. We used a HeNe laser as light source from JDSU, USA 

with 632.8 nm and a maximum output power of 35 mW. The sample temperature was 

regulated and kept constant at 25 °C by a heat-controlled toluene refractive index 

matching/temperature bath. Multiple intensity time autocorrelation functions were 

recorded and analyzed by inverse Laplace transformation using the CONTIN algorithm. 

The PDMS stamps were characterized by atomic force microscopy using a Bruker Incon 

Dimension in tapping mode with cantilevers form Brucker (OTESPA-R3, 26 N/M). The 

optical investigation of the master, empty PDMS replicas, filled stamps and the 

transferred particles on glass were done with the reflectance dark field microscope 

Nikon Eclipse LV100D-U with a ThorLabs USB camera. For the dark field image of the 

Au-PNIPAM arrays a Nikon Eclipse TE-2000 microscope, a Nikon dark-field condenser 

(Dry, 0.95–0.80 NA) with a Plan Fluor ELWD 40/0.60 NA objective was used. The 

collected light was focused to the entrance slit of a MicroSpec 2150i imaging 

spectrometer with an attached TE-cooled CCD camera (PIXIS 1024 ACTON Princeton 

Instruments). For the investigation of the Ag-PNIPAM particles, a Nikon Eclipse Ti-U 

with a dark field condenser (Nicon Ti-DF, dry 0.95-0.80) and an S Plan Fluor 60x 

objective with a NA of 0.7 was used. The color images were recorded with a Nikon DS-

Fi2 camera. The spectra were recorded with a Princton Instruments PIXIS256 CCD 

camera attached to a Princton Instruments Aceton SP2150 spectrometer and integrated 

over 60 seconds. The sample was mounted on an automated stage from Prior (pro SCAN 

III). 

7.3 Results and discussion 
The colloidal building blocks used for the array fabrication were gold and silver-

core/poly(N-isopropylacrylamide)-shell particles. They were synthesized in a multiple 

step process. First, the gold cores were prepared after the well-known protocol of 

Turkevich and Enüstün17 and functionalized with BA. The diameter of the gold cores 

was measured with TEM and lay between 10 and 15 nm, which is expected from the 
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Turkevich synthesis route. Secondly the encapsulation of the cores was done via a free 

radical precipitation polymerization of NIPAM in the presence of the cross linker BIS. 

The gold cores were subsequent enlarged and overgrown with silver to a diameter of 

103.9±9.5 nm (see Figure 7-1a). The overall hydrodynamic diameter of this Ag-PNIPAM 

NPs was determined by DLS and was 336 nm. These particles were well suited for 

preliminary tests to investigate the feasibility of core/shell particles for DF spectroscopy, 

which was not shown so far. Silver with such large dimensions ensured high plasmon 

activity and a good scattering signal for the DF measurements.  

We also used Au-PNIPAM particles (Figure 7-1b) with cores of 30 nm in diameter, 

synthesized using a seed mediated route. This enlargement was necessary, due to the 

fact, that the optical properties of plasmonic NP are dominated by absorption not by 

scattering for dimensions smaller than 40 nm.4 The particles with 35.8±8.8 nm in 

diameter are a compromise between the detection limit of DF spectroscopy and building 

block dimensions for the creation of screening substrates following the concept of Ref. 15.  

 

Figure 7-1 TEM characterization of the core/shell particles. (a) shows the dark Ag-PNIPAM cores 
encapsulated in the grayish PNIPAM shell (Dcore=103.9±9.5 nm/ Dh=336 nm). In (b) the smaller Au-PNIPAM 
are shown. The shell is also visible as grey corona around the black cores (Dcore=35.8±8.8 nm / Dh=211 nm). 

For the particle deposition we utilized a template assisted approach, namely replica 

molding of silicon masters with PDMS. This approach is schematically presented in 

Figure 7-2a. We used a silicon master with pillars of 350 nm in height and an edge length 

of 1.0 µm. The spacing between each pillar was 15 µm. The PDMS mixed with the curing 

agent was poured on the silanized silicon master and immediately degassed in a 

desiccator. This step is crucial to ensure a high quality replica of the structure. During 

evacuation, air bubbles are removed and the PDMS is sucked to the pillared structure of 

the master.  
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Figure 7-2 depicts the preparation and characterization of the PDMS replica. In scheme (a) is the replica 
molding presented. Silanized silicon masters with pillars (height =350 nm / edge length = 1.0 µm) and inter 
pillar spacing of 15 µm were used. The PDMS mixed with the curing agent was poured on top and 
immediately degassed in a desiccator with subsequent curing in a furnace and peeled off before use. The 
AFM height images in (b) and (d) show the topography of the master and PDMS. Both surface is even and 
the edges of the pillars/holes are sharp. The red and blue line of the insets display where the cross sections 
of (c) were taken. The analysis of this sections shows that the pillars / the grooves are 350 nm height / deep. 

The PDMS was cured in contact with the master and peeled off before use. The AFM 

image of Figure 7-2b shows the surface of the silicon master. The edges of the squared 

pillars are sharp and the area in between is flat. The red line over the magnified pillar of 

the inset indicates where the cross section of Figure 7-2c was taken. It reveals that the 

master was around 350 nm high. The AFM height image of Figure 7-2d depicts the 

PDMS replica. The quality of the cast is very good, because the edge length of the holes 

were the same as the ones of the master. Further, the comparison of the cross sections 

proofed that the holes in the PDMS were as deep as the pillars of the master were high. 

The particle deposition into the grooves of the PDMS was done by spin coating. 

Therefore, the PDMS was hydrophilized with air plasma to guaranty a good wetting of 

the surface. During spin coating, most of the excessive particles were washed away. To 

ensure that the areas between the grooves were really particle free a second spin coating 

step with water or CTAB solution was applied. For the particle transfer to glass the filled 

PDMS stamp was placed on top of a wetted glass slide and stayed in contact for 2 h to 

guarantee a complete drying of the water.14 After the stamp was peeled off, the particles 

stayed on the glass slide. We investigated the structure and the quality of the substrates 
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at the different manufacturing steps with reflectance dark field microscopy (see Figure 

7-3a to d). The sketches underneath illustrate the DF images. One can see in (a) that the 

scattering of the pillars was regular with an inter pillar spacing of 15 µm. This was also 

the case for the PDMS replica in b. The topographical information was inverted from 

pillars to holes but the spacing and the structure size remained the same. The PDMS 

with the deposited particles is presented in c. Nearly all particles were deposited into the 

grooves. Some were left behind on the surface, which was visible as smaller bright spots 

in between the ordered array, but most of the area is dark, which corresponds with a 

clean surface. The structured glass is shown in d. The transfer from PDMS to glass 

worked well, because the scattering pattern was perfectly reproduced with particles. 

 

Figure 7-3 presents reflectance dark field images and corresponding sketches. (a) shows the pattern of the 
silicon master with 1.0 µm edge length, (b) the PDMS replica of the master, (c) the filled PDMS and in d the 
transferred particles on glass. 

This assembly technique worked for the Au-PNIPAM particles (Figure 7-3) as well as for 

the ones with silver cores. Figure 7-4a presents the AFM height image of such a silver 

particle array. A transmission DF picture was taken at the same spot and is displayed in 

Figure 7-4b. The color and the scattering intensity of the DF image correlated very well 

with the structures determined via AMF. The magnification of b1 shows a blue/green 

spot which belonged to a single particles. The scattering color is as expected for single 

silver nanoparticles according to literature18 and was verified with the AFM image of a1. 

The particle diameter was 290 nm, which lied between the data evaluated via TEM and 

DLS (DTEM=202 nm / Dh=336 nm). The brighter yellowish spot (b2) belonged to an 

aggregate of two or three particles plus one single particles (a2), which were too close 

together to be optically resolved in the DF.  



Chapter 7 

115 

 
Figure 7-4 Characterization of the same spot of the substrate with AFM and DF. The comparison of the AFM 
height images of (a) with the dark field image of (b) reveals that a single particle (a1) scatters in blue/green 
(b1) whereas aggregates (a2) scatter yellow also with higher intensity (b2).  

The spectroscopic results are presented in Figure 7-5. The extinction spectra for Ag-

PNIPAM are depicted in Figure 7-5a. The spectra for the particles dispersed in water 

(green line) and a monolayer on glass (red line) were recorded over a macroscopic area 

with conventional UV-Vis spectroscopy. The LSPR extinction peak for the particles in 

water lay at 500 nm. This signal was red shifted to 525 nm, if the particles were 

deposited on glass, due to the refractive index increase from water (1.33) to glass (1.52) 

where the polymer shell (1.42) is collapsed. The shoulder at lower wavelengths around 

420 nm, visible in both measurements, belonged to a quadrupolar mode, because of the 

large particle dimensions.19 

The dark field scattering spectra under air are presented in Figure 7-5b. We investigated 

the single particle of a1/b1 as well as the aggregate of a2/b2. The spectrum of the single 

blue particle showed its resonance peak at 516 nm. This peak was 9 nm blue/green 

shifted compared with the extinction measurements from the monolayer. One would 

expect a similar LSPR position in the extinction spectrum of a 109 nm silver NP 

compared with its scattering spectrum. The reason for this expectation lay in the large 

scattering cross section of the particle in respect to its minor absorption cross section. 

That means that the extinction spectrum obtained by UV-Vis has also to be dominated 

by the scattering.4, 19 The discrepancy of 9 nm can be explained by the averaging over a 

certain core size distribution obtained by UV-Vis measurements. 
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Figure 7-5 Optical characterization of Ag-PNIPAM. The extinction spectra of an Ag-PNIPAM dispersion 
(green line) and ensembles on glass (green line) are depicted in (a). The spectrum of the particles on glass is 
red shifted compared to the measurements in water, due to the refractive index increase from water to glass. 
The scattering spectra recorded with dark field spectroscopy are presented in (b). The blue spectrum 
corresponds with a single particle presented in the inset framed in blue. The yellow spectrum is 60 nm red 
shifted and broadened. It corresponds to a cluster of particles that show plasmonic coupling. The 
corresponding scattering image is shown in the inset framed in yellow. 

The scattering peak of the brighter yellow spot is 60 nm red shifted and broadened in 

respect to the single particle. This shift can be caused by two reasons. On the one hand, 

cores with other morphologies such as rods, triangles, or platelets can arose during the 

particle overgrowth. However, one would expect different line shapes with additional 

peaks due to new modes originated from the anisotropy of the particles.20, 21 The TEM of 

Figure 7-1 revealed that the particles are not perfectly round but none of the cores had 

such an anisotropic shape to explain a plasmon shift of 60 nm. On the other hand 

plasmon shifts of this magnitude can be caused by inter particle LSPR coupling22, 23 As 

shown in the inset a2 of Figure 7-4 the yellow spot belongs to a aggregate which is larger 

as one single particle. The overall diameter of a dried single particle is 290 nm (AFM) 

whereas the longest axis of the aggregate is 520 nm. Slightly smaller than two touching 

particles. This reduced spacing is not unusual for core/shell-PNIPAM particles and was 

also observed and quantified in Ref. 13. That means that the surfaces of two Ag cores are 

separated 156 nm from each other, therefore LSPR coupling is most likely. Because this 

distance is 104 nm less than 2.5 times the diameter of the particles, which is the threshold 

for LSPR coupling.24  
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We showed in the previous section that the plasmonic properties of individual PNIPAM 

core/shell particles can be studied with dark field spectroscopy and the shell is no 

hindrance for spectra detection. In the next step, we applied the assembly technique to 

the particle system with the 35 nm gold cores. As mentioned above we wanted to 

present a technique to fabricate substrates for screening applications on the single 

particle level. Therefore, the Au-PNIPAM particles were more suitable, because the 

repertoire of applicable post-modifications is larger for smaller gold cores. For instance, 

larger size gradients are possible starting just from 35 nm15 as well as an overgrowth 

with other metals25, 27 (without galvanic replacement)28, or continuous changes in the 

core morphology.13, 29 

The transfer process worked also very well for the Au particle system and is presented in 

Figure 7-6a. The picture shows the particle array which was recorded with the CCD 

camera of the spectrometer (mirror configuration). The white frame encloses the region 

of interest, which was placed in the slit of the spectrometer. Every bright spot within the 

patterning corresponded to particle(s). The intensity profile of Figure 7-6b shows the 

scattering intensity of the structure. The same scattering intensity per spot was expected 

for the same particle type. However, the intensity distribution of Figure 7-6b indicates 

that not just one particle is deposited per spot, but most probably aggregates, which can 

optically not be resolved and appear as one particle. 
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Figure 7-6 Dark field camera image of Au-PNIPAM particles taken with the CCD of the spectrometer used 
in the image mode. (a) shows the array with the area of interest framed in white. (b) presents the scattering 
intensity along the array. (c) shows a higher magnification (100x) of one spot taken with a reflectance dark 
field microscope. This reveals that more than one particle is deposited per square, due to the bright rim with 
the dark center. 

This was verified under larger magnification (100x) using reflectance dark field 

illumination. Figure 7-6c shows that the particles are arranged in a square like geometry, 

even for the lowest scattering intensity of the peak framed in green (Figure 7-6b). That 

means that more than one particle is deposited per hole. This is reasonable, because the 

squares of the PDMS templates have an edge length of 1000 and a height of 350 nm in 

contrast to Dh = 211 nm of the particle. Assuming a monolayer of particles within one 

groove one could deposit 28 touching spheres. This circumstance prohibited a spectral 

data evaluation. Nevertheless, the authors are confident that this problem can be 

overcome by adapting the size of the PDMS template to the one of the particles or 

enlarging the shell of the particles to be in the size regime of the template.  

 

7.4 Conclusion 
We presented in this Chapter the fabrication of highly regular arrays of plasmonic-

core/PNIPAM-shell particles on glass. We used silver and gold as core materials 

whereas the silver cores were larger than the gold ones. The particle deposition was 
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done via template assistance of PDMS replica molds with squared holes. The transfer to 

glass worked for both systems, which was proofed by dark field microscopy and AFM. 

We investigated the optical properties of the Ag-PNIPAM particles with DF 

spectroscopy on the single particle level and compared our results with UV-Vis 

extinction spectroscopy of ensembles. We proved in this way, that the additional 

scattering contribution of the polymer shell does not hinder the optical DF 

characterization of the plasmonic cores. The spectroscopic investigation of the Au-

system was not possible so far. The reason therefore lies in multiple particle deposition 

per groove, caused by the miss match of particle diameter and size of the template 

grooves. Further investigations should concentrate on this issue. The authors are very 

confident that the adjustment of either the template size or the particle dimensions will 

solve this miss match. Thereafter the post-modification of the cores has to be applied. 

This will result in plasmonic screening substrates on the single particle level useful for 

combinatorial studies or it will help creating plasmonic libraries, which can serve as 

reference substrates and standards.  
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8 SUMMARY 
 

The main scope of this thesis was the template assisted surface modification in terms of 

optical functionalities. The used colloid types for this purpose were hard-core/soft-shell 

plasmonic nanoparticles. The shell material was always poly(N-isopropylacrylamide). 

As core materials silica, silver and gold were chosen. The advantage of these hybrid 

particles was on the one hand the encapsulation of core materials with different 

properties whereas the physical properties of the shell remained the same. This allowed 

manifold surface modifications for various applications by keeping the assembly 

conditions similar, due to the same shell chemistry. On the other hand, the shell itself 

contributed a multitude of benefits. Poly(N-isopropylacrylamide) (PNIPAM) is a thermo 

responsive micro gel. It reacts with shrinking or swelling by exceeding the lower critical 

solution temperature or cooling down. This stimulus can also be triggered by changing 

the pH or the ionic strength. Many publications utilize this feature of the PNIPAM. In 

this work, the attention was drawn to other aspects of the micro gel. The following 

attributes of PNIPAM were harnessed in this thesis: the role as spacer to control the inter 

core spacing, the deformability of the soft polymer network and it´s permeability.  

 

For the lithography free surface modification the existing wrinkle-assisted self-assembly 

technique of confinement assembly was further developed. This evolution was necessary 

to adapt this lithography free deposition technique to the hard-core/soft-shell particle 

systems and was presented in Chapter 4.  

This so-called spin-release (SR) was suitable for surface structuring with hybrid particles. 

The particles are pre-assembled into the grooves of polydimethylsiloxane wrinkles using 

spin coating and placed on top of a wetted glass slide. After drying, the wrinkle was 

removed and the particles remained on the target surface in a homogeneous anisotropic 

line pattering. 

We investigated first the influence of the wavelength on the achieved structures with 

particles with silica cores. Using wrinkles with dimensions in the range of the particle 

diameter led to single particle lines. Wavelengths two times the particle diameter led to 

zigzag lines. These findings were just dependent on the overall particle diameter and 
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were independent of the core sizes. In the next step, plasmonic silver-core/PNIPAM-

shell particles were used for surface patterning. The shell acted as a spacer between the 

inorganic cores and prevented them from touching. Anisotropy was not only found in 

the grid like pattern, due to the wrinkle assembly process, but also on the local structure 

within the lines. This was caused by the deformability of the soft-shell leading to smaller 

inter core distances in contrast to assemblies without the confinement of the wrinkles. 

This was verified by radial distribution functions, which clearly featured the impact of 

the shell under this deposition conditions. In consequence, a broke symmetry was found 

between the inorganic cores. The angle between the arranged particles did not follow 60° 

expected for closed packed layers. Monte Carlo simulations revealed that the observed 

geometry was an effect of soft shell. Hence, silver colloids show localized surface 

plasmon resonance (LSPR), UV-Vis extinction spectroscopy was performed on the linear 

assemblies. This revealed an optical anisotropy as a result of the patterning, due to 

polarization dependency of the spectra. Even a small inter particle coupling effect could 

be found revealing a sufficient shell compression. Moreover, the SR is suitable for 

macroscopic surface structuring, on the cm length scale, which was proven with laser 

diffraction experiments. 

 

Another aspect of the PNIPAM shell was the stabilization of colloidal suspensions, due 

to steric and electrostatic forces and introduced in Chapter 5. However, the permeable 

network allowed post-modification of the cores. This modification was presented by 

transforming the core of gold-core/PNIPAM-shell particles into a star like shape. This 

was done by immersing the spherical seed particles in dimethylformamidee containing 

polyvinylpyrollidon and adding a gold salt solution. The star shape of plasmonic 

particles has the advantage that hot spots were formed between the spikes. This was 

useful for surface enhanced Raman spectroscopy (SERS). Therefore, we coated glass 

slides over large areas with the star shaped gold-core/PNIPAM-shell particles using SR. 

During the assembly, the shell acted again as a spacer to prevent the touching of the 

particles that would alter the optical properties of the plasmonic stars drastically. The 

optical properties of the particles prior modification, after modification and deposited on 

glass were investigated by UV-Vis extinction spectroscopy. The SR allowed us a 

homogeneous surface coverage over large areas. It was shown that the stars were good 

candidates for SERS, because linear arrays of gold stars/PNIPAM shell, particles yielded 
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in high and homogeneous SERS signals. The substrates were used as chip based SERS 

sensors to detect the air pollutant pyrene out of the gas phase. The comparison 

experiments performed with bare gold stars showed that bare gold particles could not be 

used for gas phase detection. This revealed the importance of the PNIPAM-shell, which 

trapped the gas molecules close to the gold surface, hence to the hot spots between the 

spikes, which is essential for this measurement technique.  

 

The works described above dealt with surface modifications with the aid of template 

assistance. The used building blocks were nanoparticles, which already showed 

functionality. The properties were adjusted during their synthesis prior to the assembly 

process. It was shown in this thesis that this order is not necessary. It is also possible to 

assemble particles first and apply in a second step the particle modification directly on 

substrate.  

We presented such a protocol for the preparation of "plasmonic libraries" in Chapter 6. 

We assembled Au-core/PNIPAM-shell particles via spin coating on microscopy slides 

and created a continuously size gradient of the Au-cores over the length of the substrate. 

The functionality of the PNIPAM shell was used to ensure an equidistant core 

distribution, to avoid LSPR coupling between the gold cores and to bind the particles 

physically to the substrate. The permeability of the polymer network allowed the post-

modification of the cores. The gradient of core sizes was fabricated by dip coating the 

array in a gold growth solution. This led to a core growth. The overgrowth was 

controlled with the immersion time by withdrawing the slide continuously. We 

investigated the growth kinetics for this process quantitatively. We found that the kinetic 

is diffusion controlled. This allowed us to tune the gradient by the withdrawal speed of 

the dip coating process, which was set to a decelerating logarithm like ramp. We 

investigated the optical properties along the gradient by UV-Vis extinction spectroscopy, 

which showed the expected red shift of the LSPRmax position for increased core 

diameters. Inter particle coupling events were not observed. The core diameter was 

investigated after calcination of the shell by atomic force microscopy cross section 

measurements, which matched the scanning electron microscopy analysis. The influence 

of the surrounding refractive index was also examined by immersing the substrate in 

water. The LSPRmax positions in dried state are red shifted compared to the LSPR 

positions measured in water, caused by the high refractive index of the collapsed shell. 
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We compared these results also with predictions from Mie-Theory by calculating the 

LSPR shifts with the finite-difference-time-domain method.  

 

The last part of this thesis, provided an in Chapter 7 an outlook how the concept of 

plasmonic gradient materials could be adjusted to the single particle level. Therefore the 

particles must not deposited in a hexagonal closed packed monolayer but with an inter 

particle spacing in the micrometer regime - necessary for single particle dark field 

spectroscopy. Therefore, Ag-PNIPAM colloids were deposited on glass with the help of 

template assistance. The templates were fabricated by PDMS replica molding of silicon 

masters. The final pattering of the replicas were holes with a distance of 15 µm in 

between. The particle deposition was done analog to the spin release process. Large 

areas have been modified using this assembly technique. It was found that dark field 

spectroscopy of Ag-PNIPAM core/shell particles was possible and scattering spectra of 

single particles as well as of coupling aggregates could be recorded. Due to the regular 

patterning and the large, inter particle spacing the same spot was analyzed by dark field 

microscopy and compared with AFM height images. Such substrates are the starting 

point for post-modifications to create chip based screening substrates following the 

concept of plasmonic gradients, useful for different applications. 

 

Overall, this thesis covered the controlled surface modification with hybrid particles to 

achieve optical functionality. This particles contained an inorganic, most of the time 

plasmonic hard-core and a soft micro gel shell. This polymer shell made different surface 

patterning possible. Further, it was used to tailor the optical properties: either via the 

assembly technique or via wet chemical post-modification. 
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9 ZUSAMMENFASSUNG 
 

Der Schwerpunkt dieser Doktorarbeit lag in der lithographiefreien Oberflächen-

modifizierung in Hinblick auf optische Funktionalität. Zu diesem Zweck wurden 

Hybrid-Nanopartikel verwendet, die aus einem harten Kern und einer weichen Schale 

aufgebaut waren. Als Kernmaterial wurde sowohl Gold, wie Silber, als auch Silika 

gewählt. Unabhängig vom Kernmaterial bestand die Schale immer aus Poly(N-

isopropylacrylamid)-Mikrogel (PNIPAM). Der Vorteil solcher Hybridpartikelsysteme 

lag zum Einen darin, dass sich physikalische und chemische Funktionalität über die 

Wahl des eingekapselten Kerns variieren ließen, zum anderen die Wechselwirkung des 

Partikels mit der Umgebung über die Schale gleich gehalten werden konnten. Des 

Weiteren birgt PNIPAM selbst eine Fülle von Vorteilen in sich. PNIPAM ist ein 

thermoresponsives Polymer, welches in Wasser auf Temperaturänderungen mit 

Schrumpfen oder Quellen reagiert. Diese Responsivität lässt sich auch über pH-, oder 

Ionenstärkeänderungen auslösen. Diese Eigenschaft wurde in vielen Publikationen 

untersucht und genutzt. In dieser Arbeit hingegen wurde auf weitere Aspekte des 

PNIPAMs eigegangen, die gerade in Hybridpartikelsystemen von Nutzen sein können. 

Besonders folgende Aspekte wurden im Rahmen dieser Doktorarbeit untersucht: Die 

Rolle als Abstandhalter in Oberflächenbeschichtungen mit plasmonischen 

Nanopartikeln, die Deformierbarkeit der weichen Schale und deren Permeabilität. 

 

Um Oberflächen lithographiefrei zu modifizieren, wurde die Technik der Templat 

unterstützen Selbstassemblierung genutzt. Als Template wurden faltenstrukturierte 

Elastomere gewählt. Die schon existierende Methode des "confinement assembly" (eng. 

Anordnung unter räumlicher Einschränkung) wurde dabei weiterentwickelt. Diese 

Entwicklung war notwendig, um die Assemblierungsmethode auf die Kern-Schale 

Systeme zu übertragen. 

Es konnte gezeigt werden, dass die weiterentwickelte Variante, der so genannte "spin-

release" (engl. Kurzfassung, in etwa: Freisetzung nach Rotationsbeschichten) sehr gut 

geeignet war, um Hybridpartikel auf Oberflächen anzuordnen. Die Kolloide wurden bei 

diesem Prozess über Rotationsbeschichten in den Falten der 
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Polydimethylsiloxantemplate (PDMS) abgeschieden und im Anschluss auf einen mit 

Wasser benetzten Glasträger übertragen. Nach dem Trocken wurde das Faltentemplat 

abgezogen und die Partikel bleiben in einer linearen anisotropen Gitteranordnung auf 

dem Zielsubstrat zurück.  

Zuerst wurde in Chapter 4 der Einfluss der Templatwellenlänge auf den 

Anordnungsprozess und die daraus resultierenden Strukturen untersucht. Hierfür 

wurden Modellpartikel mit Silikakernen mit zwei verschieden Durchmessern 

verwendet. Es zeigte sich, dass bei Verwendung von Faltenwellenlängen im Bereich der 

Gesamtpartikeldurchmesser Einzelpartikellinien erzielt werden konnten. Die 

Verwendung von doppelt so großen Wellenlängen führte zu Zickzack Linien. Welche 

Strukturen dabei erzielt wurden, war nur vom Gesamtdurchmesser der Partikel 

abhängig, unterschiedliche Kerngrößen nahmen keinen Einfluss auf die 

Liniengeometrie. Die Ergebnisse dieser Versuchsreihen zeigten auch, dass PNIPAM als 

Abstandshalter zwischen den Kernen fungierte und den Direktkontakt der Kerne 

unterband. Anisotropie wurde nicht nur auf Ebene der Gitterlinien gefunden, sondern 

auch lokal innerhalb der Partikellinien. Die Verwendung von Partikeln mit weicher 

deformierbarer Schale, kombiniert mit Anordnung unter räumlicher Einschränkung, 

verkleinerte den Abstand zum nächsten Nachbarn (Kern) und führte zu einem 

Symmetriebruch innerhalb der Partikelstruktur. Der Zwischenpartikelwinkel entsprach 

nicht 60° (typisch für dichte Kugelpackungen), sondern war deutlich größer. Monte 

Carlo Simulationen bewiesen, dass dieser Effekt eine Auswirkung der deformierbaren 

Schale ist. Es war notwendig ein weiches Wechselwirkungspotential zu den 

Berechnungen für harte Kugel hinzuzufügen, um die experimentell gefundenen 

Strukturen zu erklären. Da Silber Nanopartikel eine "localized surface plasmon resonance" 

(LSPR) (eng. lokalisierte Oberflächen Plasmonen Resonanz) zeigen, wurden UV-Vis 

Extinktionsspektren von den beschichteten Glasträgern aufgenommen. Es zeigte sich in 

Polarisationsexperimenten, dass sich die Anisotropie der Anordnung auch auf die 

optischen Eigenschaften auswirkte. Sogar schwache Plasmonkopplung zwischen den 

Silberkernen konnte beobachtet werden. Der SR kann für großflächige 

Oberflächenmodifizierung im Zentimeterbereich genutzt werden, was über 

Laserdiffraktionsexperimenten bewiesen wurde. 

In Chapter 5 wurde die Stabilisatorfunktion der PNIPAM-Schale ausgenutzt, da sie die 

eingekapselten Kerne in kolloidalen Suspensionen sterisch und elektrostatisch 
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voneinander abschirmt. Dennoch ermöglichte das permeable Netzwerk eine 

nachträgliche Veränderung der Kerne. Dies wurde genutzt, um sternförmig Goldkerne 

in einer PNIPAM Schale zu synthetisieren. Die Synthese geht von PNIPAM Partikel mit 

einem kleinen sphärischen Goldkern als Saatpartikel aus. Diese wurden in einer 

Dimethylformamide Polyvinylpyrollidon-Lösung dispergiert. Nachdem eine Goldsalz-

Lösung zugegeben wurde, begannen die Kerne in die gewünschte sternförmig Form zu 

wachsen, erkennbar durch eine Farbumschlag von blass rosa zu einem kräftigen blau. 

Ein sternförmiges plasmonisches Partikel hat den Vorteil, dass an den Spitzen 

Felderhöhung auftritt und sich so genannte "hot spots" ausbilden. Über SR wurden 

Glassubstrate mit diesen Partikel beschichtet. Die erzielte Struktur entsprach 

Gitterlinien, wobei die Schale wieder als Abstandshalter innerhalb der Linien fungierte 

und die Partikel vor direktem Kontakt schütze. Die optischen Eigenschaften der Partikel 

vor dem Aufwachsen zu Sternen, die Sterne in Lösung und die Anordnungen wurden 

mit Hilfe von UV-Vis Extinktionsspektroskopie untersucht. Der SR erlaubte es uns, eine 

großflächige und homogene Oberflächenbeschichtung zu erzielen. Es wurde zudem 

gezeigt, dass die Goldstern-PNIPAM Partikel vielversprechende Kandidaten für die 

"surface enhanced Raman spectroscopy" (SERS) (eng. oberflächenverstärkte Raman 

Spektroskopie) sind. Die linearen Anordnungen zeigten intensive und homogene SERS-

Intensitäten. Die Substrate wurden auch als Chip-basierte Sensoren verwendet, um 

umweltschädliches Pyren aus der Gasphase zu detektieren. Bei Vergleichsexperimente 

mit reinen Goldsternen ohne Schale, konnte die Anwesenheit von Pyren nicht 

detektieren werden, da sich die Gasmoleküle nicht in der Nähe der "hot-spots" befanden. 

 

Die oben beschriebenen Arbeiten beziehen sich alle auf Oberflächen Modifizierung 

mittels Templatunterstützung. Die dabei verwendeten kolloidalen Bausteine besitzen 

schon die gewünschte Funktionalität, da deren Eigenschaften schon vor der eigentlichen 

Beschichtung eingestellt wurden. Dass dies nicht unbedingt notwendig ist, wurde im 

Chapter 6 gezeigt. Denn es war möglich Partikel beschichtete Substrate nachträglich zu 

modifizieren. Wir zeigten, dass ein solches Vorgehen genutzt werden kann, um 

"plasmonische Bibliotheken" zu erstellen. Dafür wurden sphärischen Au-PNIPAM 

Partikel über die Länge eines Mikroskopieobjektträgers mittels Rotationsbeschichten 

abgeschieden. Die Schale wurde auch hier genutzt, um eine äquidistante Partikelabstand 

zu gewährleisten. Weiterhin konnten die Partikel mit Hilfe der Schale physikalisch auf 
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dem Glasträger immobilisiert werden. Dies war für den folgenden Modifikationsschritt 

wichtig, bei dem die Goldkerne mittels autokatalytischer Goldabscheidung vergrößert 

wurden. Ausreichend Permeabilität der Schale war auch auf Substrat gewährleistet. Das 

Ziel des Aufwachsens war die Herstellung eines Größengradients der Goldkerne. Dies 

wurde verwirklich, indem das Substrat komplett in eine Goldwachstumslösung 

eingetaucht wurde. Das Wachstum wurde über die Immersionszeit kontrolliert, indem 

das Substrat kontinuierlich herausgezogen wurde. Die Wachstumskinetik wurde 

quantitativ untersucht und es zeigt sich ein diffusionskontrollierter Prozess. Aufgrund 

dieser Erkenntnis wurde die Rückzugsgeschwindigkeit des Tauchbeschichters so 

eigestellt, dass die Rückzugsgeschwindigkeit über die Länge des Objektträgers abnahm, 

um einen gleichmäßigen Größengradienten zu erreichen. Die optischen Eigenschaften 

des plasmonsichen Gradienten wurden mittels UV-Vis Extinktionsspektroskopie 

untersucht und die erwartete Rotverschiebung der LSPRmax Positionen für größer 

werdende Kerne, konnte bestätigt werden. Zwischenpartikuläre plasmonische 

Kopplung wurde dabei nicht detektiert. Die Kerndurchmesser wurden mit Hilfe von 

Rasterkraft Mikroskopie bestimmt. Hierbei wurden die Querschnitte der Partikel 

ausgewertet und mit Rasterelektronenmikroskopieaufnahmen verglichen. Weiterhin 

wurde der Einfluss des Brechungsindexes untersucht, indem die UV-Vis Messungen 

nicht nur an Luft sondern auch in Wasser durchgeführt wurden. Es wurde gezeigt, dass 

die an Luft gemessenen Spektren rot verschoben sind, im Vergleich zu denen, die in 

Wasser aufgenommenen wurden. Dies wurde durch die Schale verursacht, die an Luft 

kollabiert vorliegt und einen höheren Brechungsindex als Wasser aufwies. Diese 

Resultate wurden mit Vorhersagen der Mie-Theorie verglichen. Zudem wurden 

Spektren über die "Finite-Differenzen-Methode" berechnet und ein gemittelter 

Brechungsindex individuell für unterschiedliche Kerngrößen erstellt.  

Im letzten Teil dieser Doktorarbeit wurden Vorarbeiten präsentiert, die zur 

Untersuchung plasmonischer Gradienten-Materialien mit Dunkelfeldspektroskopie 

beitragen werden. Dafür war es notwendig die Abstände zwischen den Kern-Schale 

Partikeln in den Mikrometerbereich hinein zu vergrößern. Die Abstände zwischen den 

Kernen einer Hybridpartikelmonolage waren dafür nicht ausreichend. Um dies zu 

erreichen, wurden die Ag-PNIPAM Kolloide über templatgestütze Selbstassemblierung 

auf Glasträger abgeschieden. Die Template wurden durch das Abgießen von Silizium-

Mastern mit PDMS erzeugt. Die Oberfläche des abgegossenen PDMS enthielt 
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quadratisch angeordnete Vertiefungen, die 15 µm voneinander entfernt waren. Die 

Übertragung der Partikel erfolgte analog zur "spin-release" Methode. Auf diese Weise 

konnten große Bereiche mit den Kern-Schale Partikeln strukturiert werden. Es wurden 

Streuspektren mittels Dunkelfeld Spektroskopie an Ag-PNIPAM Einzelpartikeln und an 

plasmonisch koppelenden Clustern durchgeführt. Aufgrund des regelmäßigen Musters 

und den großen Zwischenpartikelabständen konnte dieselbe Stelle sowohl mit dem 

Dunkelfeld Mikroskop, als auch mit dem Rasterkraftmikroskop untersucht und 

verglichen werden. Die auf diese Weise beschichteten Glassubstrate sind der 

Ausgangspunkt für nachfolgende Kernmodifizierungen um Chip-basierte Screening-

Substrate herzustellen. 

Insgesamt umfasste diese Arbeit also die kontrollierte Oberflächenbeschichtung mit 

Hybridnanopartikeln in Hinblick auf optische Funktionalität. Diese Partikel bestanden 

aus einem anorganischem, meist plasmonischem harten Kern und einer weichen 

Mikrogelschale. Diese Polymerschale machte unterschiedliche Obeflächenstrukturier-

ungen möglich und wurde genutzt um die optischen Eigenschaften einzustellen: 

entweder über die Art der Beschichtung oder durch nass-chemische Postmodifizierung.  
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