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Abstract

This thesis describes the development of nanoparticle (NP) imprinted matrices for
investigating the interaction of NPs with interfaces. With the increased use of artificial
NPs, there is a need to monitor their occurrence in the environment as well as to estimate
the associated effects on biological systems using in vitro systems. It is already known
that the toxicity of NPs does not only depend on the elements of the core material but also
size and chemical nature of the shell. This calls for a speciation analysis of NPs. To this
end, materials were imprinted with different NPs in analogy to the well-known concept of
molecular imprinted polymers. The new materials are termed nanoparticle imprinted
polymers (NIPs). The removal of the NP template forms complementary cavities capable
of selectively recognizing the analyte. While monomer-based matrices were formed by
the Langmuir-Blodgett (LB) method, polymeric films were formed by spin coating and
by electropolymerization. Citrate protected gold nanoparticles and oleic acid protected
iron oxide nanoparticles were used as templates. The dissolution of gold NPs was
achieved by a chemical or electrochemical oxidation supported by a chemical
complexation. The removal of iron oxide NPs was assisted by magnetic forces or

chemical reduction of Fe'"

followed by complexation. In addition to the measurement of
electrolytic currents from NP dissolution, the complete removal of the imprinted NPs was
verified by scanning force microscopy, scanning electron microscopy, X-ray
photoelectron spectroscopy, polarization modulation infrared reflection adsorption
spectroscopy and voltammetry. It was shown that the formation of thin NIPs is a key
requirement for efficient detection of NPs after reuptake. These complementary
techniques were used to verify each individual step of NIP formation. The concept is

discussed and compared to an example of protein imprinted polymers.



Zusammenfassung

Diese Arbeit beschreibt die Entwicklung von Nanopartikel (NP) geprégten Matrizen zur
Untersuchung der Wechselwirkung von NP mit Grenzflachen. Mit der zunehmenden
Verwendung von kinstlichen NP besteht die Notwendigkeit, ihr Vorkommen in der
Umwelt zu tberwachen, sowie die damit verbundenen Auswirkungen auf biologische
Systeme unter Zuhilfenahme von in-vitro Systemen abzuschatzen. Es ist bereits bekannt,
dass die Toxizitat von NP nicht nur von den Elementen des Kernmaterials, sondern auch
von der GroRe des NP und chemischer Beschaffenheit der Schale abhangt. Dies erfordert
eine Speziationsanalyse von NP. Dazu wurden Materialien mit NP geprégt, in Analogie
zu den bekannten Konzepten der molekular gepréagten Polymere. Die neuen Materialien
werden kollektiv als nanopartikuldr gepragte Polymere (NIP, nanoparticle imprinted
polymer) bezeichnet. Durch das Entfernen der Templat-NP bilden sich komplementare
Hohlrdume, die imstande sind, Analyt-NP selektiv zu erkennen. Wé&hrend monomer-
basierte Matrizen mittels des Langmuir-Blodgett (LB)-Verfahren gebildet wurden,
entstanden Polymerfilme durch Schleuderbeschichtung und durch Elektropolymerisation.
Citrat-geschiitzt Goldnanopartikel und Olséaure-geschiitzt Eisenoxidnanopartikel kamen
als Template zum Einsatz. Die Aufldsung von Goldnanopartikeln erfolgte durch eine
chemische oder elektrochemische Oxidation unterstiitzt durch  chemischen
Komplexierung. Die schonende Entfernung von Eisenoxidnanopartikeln gelang durch

magnetische Krafte oder chemische Reduktion von Fe'

gefolgt von einer
Komplexierung. Zusatzlich zu der Messung der elektrolytischen Strome wahrend der
Auflésung der NP, konnte die vollstandige Entfernung der NP aus den NIPs durch
Rasterkraftmikroskopie, Rasterelektronenmikroskopie, Rontgenphotoelektronen-
spektroskopie und Polarisationsmodulierten Infrarotreflexionsabsorptionsspektroskopie
verifiziert werden. Diese komplementaren Techniken fanden Verwendung, um jeden
einzelnen Schritt der NIP-Bildung zu Uberpriifen. Das Konzept wird im Vergleich zu

einem Beispiel mit Protein-gepragten Polymeren diskutiert.
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Introduction

1. Introduction

Nanoparticles are defined by the National Nanoscience Initiative as particles having at
least one dimension between 1-100 nm.’ Nanoparticles (NPs) and more general
nanoobjects have caught the imagination of scientist and engineers due to the fascinating
properties of these materials. Although the core of NPs can be described as a very small
crystal, the properties may be very different from macroscopic solids of the same crystal
structure. For instance, surface-volume ratio,'?! band gaps,®! plasmonic propertiest* are
quite different from macroscopic counterparts, which enables new applications. Small
metal particles have found widespread use in heterogeneous catalysis for several decades.
However, many new applications in light conversion,'® medical health care products,
ferro fluids,™™ analytical chemistry® or medical diagnostics' have only been enabled by
tremendous progress in synthesis methods yielding NPs of small size dispersion,™® !
shape-control™® ! or efficient stabilization by a ligand shell or even by complex core-

shell architecture™* %1,

Nowadays, already now NPs are used in more than 1800 consumer products. The
largest product category comprises health care and fitness products followed by
home/garden, food and beverage, automotive and electronics/computers areas.*® The
widespread use ultimately also leads to a release of NP into the ecosphere. This
consequence calls for a detailed consideration of their specific toxicological effects and
monitoring of their release. This research direction has recently been termed
‘nanotoxicology’.!" *® The potential toxicity of NPs can be expected to be different from
macroscopic solids and from dissolved ions of the constituting elements. The difference
in toxicity between the elemental state of metals and different ions of the same metal is
well known from classical toxicology (e.g. Cr®, Cr**, CrO4) and speciation analysis*® 2"
is typically carried out in environmental samples. For NPs the situation is even more
complex. Even when neglecting specific actions of biomacromolecules and other
submicrometer-sized biological objects that could be regarded as organic NPs, NPs may
contain a wide range of materials such as metals, elemental and compound
semiconductors or polymers.?" #2 Specific toxicological effects of NPs are often
associated with their ability to cross biological cell membranes, a situation not found in
macroscopic solids. However, not only the uptake may be different from macroscopic

1
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materials, also the chemical action may be different. One example is the toxicity of silver
NPs (AgNPs). Compton and co-workers?®! ascribe their enhanced toxicological potential
against bacteria to the changed mechanism of oxygen reduction. Silver electrodes develop
a mixed potential in ambient biological fluids controlled by silver dissolution, silver
deposition and irreversible oxygen reduction. During oxygen reduction reactive oxygen
species (e.g. H,0O,) are formed. At macroscopic Ag surfaces they quickly enter follow-up
reactions to water. The efficient mass transport at the NP makes it however unlikely that a
soluble intermediate will react again at the same surface and therefore the release of

reactive species will be enhanced compared to macroscopic silver.

The toxicological properties of NPs and their prospective widespread use
(associated with corresponding regulative procedures® %) require facile tools to
determine in vitro the concentration of NPs and further toxicologically important
properties of them like core material, size and chemical nature of the shell. One attractive
approach followed in this thesis is nanoparticle imprinted polymers (NIPs) that are
analogous to the concept of the well-known molecularly imprinted polymers (MIPs).25%8!
Briefly, MIPs are obtained by performing a polymerization in the presence of a template
molecule that will be embedded in the polymer in a way that allows a subsequent
removal. After the removal, cavities or binding sites are formed in the polymer that can
reversibly reuptake the same molecule. Specific cavities in NIPs or MIPs are denoted in
this thesis as {}. For instance, {} stands for an empty cavity and {AuNP} stands for a
binding site occupied by a gold nanoparticle. When this work was started, only one
example of NIP had been described by Koenig and Checkig./*” They produced a bulk
NP-polymer composite from which the NP had been dissolved. Due to the size of the NP,
a reuptake was not possible. This thesis therefore focuses on formation and
characterization of thin NIP films that typically only partially enclose a monolayer of
NPs. Such film architecture seems also very suitable for electrochemical detection
schemes that also require an electronic contact of the NP within the film to a conducting
support. As mechanisms of NIP formation, NP detection within NIP, NP reuptake in NIP
are unknown, the research work in this thesis sets a specific focus on characterizing NP in
NIP systems by a combination of microscopic, electrochemical and spectroscopic
techniques. With the help of those techniques, several NIP systems have been developed,

evaluated and improved in an iterative manner.

2
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This thesis provides first an overview about the used microscopic techniques and
their applicability towards NIP systems (Chapter 1). Chapter 1 summarizes the existing
NIP systems from which some have emerged after the first demonstration of the thin film
NIP concept in which this author participated. Chapter 1 contains the experimental
details. Chapter 5 describes the developed NIP systems in which template NPs and matrix
are deposited in one step, while Chapter 6 contains those experiments in which the matrix

is assembled around preadsorbed NPs on surfaces. The thesis is concluded by a summary
and outlook in Chapter 1.






Applied characterization techniques for supported nanomaterials

2. Applied characterization techniques for supported

nanomaterials

Direct imaging of nanomaterials cannot be done by optical inspection due to the low
spatial resolution of optical methods. This chapter covers commonly used high-resolution
techniques to characterize nanostructured materials. This includes surface sensitive
methods, such as scanning force microscopy (SFM) in Chapter 2.1 and scanning electron
microscopy (SEM) in Chapter 2.2. Furthermore, selected approaches for the

electrochemical detection of metal NPs are summarized in Chapter 2.3.

2.1 Material-dependent working modes of scanning force

microscopy

The scanning force microscopy (SFM), also called atomic force microscopy (AFM), is
the most common technique of scanning probe microscopies (SPM). It was invented by
Binnig et al.®*® in 1986 following the development of scanning tunneling microscopy
(STM).BY STM provides atomic-resolution images of conductive surfaces, while an
extremely fine (single atom) conducting probe is held about a few atomic diameters from
the sample surface.*?) When a small voltage is applied during scanning, a tunneling
current flows which strongly depends on the distance between the tip of the probe and the
surface. By keeping either the height of the tip or the tunneling current constant, a three-
dimensional image of the surface can be generated providing valuable information on the
electronic properties of the material. The STM has found broad applicability in the fields
of physics,® 34 chemistry® *! and materials science.*) However, one limitation is
that STM can only be used for imaging conductive materials. SFM extended the
microscopic capabilities to insulating materials.!* “Y1 The measuring principle is based on
force interactions between the surface and the tip at a very close distance. These forces
range from pN to puN.% %2l Due to instrumental developments and further adaptations of
the tip, the scanning force microscope can be operated in a range of environments (ultra-
high vacuum [UHV], air, liquids). Various new modes allow distinguishing between
mechanical surface properties such as friction,*® stiffness and adhesion**! as well as

electrostatic,*®! steric*® and magnetict” forces. Chapter 2.1.2 covers all operation modes
5
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relevant to this work. Apart from simple topographic imaging and measurement of
surface properties, this technique is routinely used to determine the thickness of thin films
which are relatively deformable compared to the underlying substrate.**? In this
procedure, known from the SFM-based nanoshaving lithography,®***! the probe is
scanned several times across a small selected region of the film, with a higher mechanical
force applied to the SFM tip. Under these conditions, the tip penetrates and abrades the
soft material until the bare area of the substrate is exposed. Afterwards the height
difference between scratched part and the intact film area is used for thickness
determination. A detailed description of SFM thickness measurements is given in the
Chapter 4.2. Over two decades, SFM became a standard microscopic technique utilized to
obtain topographical images and other information from a wide variety of materials
including solid samples™ " as well as soft and delicate ones like biomolecules®®® ** and
polymers.®® ¢ |t is possible to yield topography images with a resolution of
approximately 0.001 nm in the vertical and 0.2 nm in the lateral direction.”” A more

detailed general description of SFM techniques can be found in Ref.1%

2.1.1 Operation principles and probe requirements

SFM means scanning across the sample surface in a raster pattern with a very sharp tip
attached to a flexible cantilever, carefully maintaining a close distance between the probe
and the sample at a set value using a feedback control system (Fig. 1). Changes in the
deflection of the cantilever caused by topographical surface features and tip-sample
interactions, are measured by a laser beam which is reflected off the back of the
cantilever slightly behind the tip. The beam position is received by a position sensitive
photodetector.l*” Usually, the detector is split into four segments labeled A, B, C, D and
is capable of sensing the vertical and lateral (torsional) cantilever deflection
simultaneously and separately. The height feedback signal from the photodetector is
taken to be proportional to the sample topography and gives the distance the scanner had
to move vertically to achieve the pre-set setpoint. In a conventional large-sample
scanning force microscope, the cantilever is mounted to a piezoceramic tube scanner,
which is used for high-precision movements of the probe in the x-y plane and the vertical
direction (z) by expanding or retracting proportionally to an applied voltage.[®? Small-
6
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sample instruments operate with a stationary probe and a scanning sample mounted onto
a three-dimensional piezo scanner. It allows very high resolution, low noise
measurements, but limits the range of modes accessible for imaging and inherently

requires samples of small size and weight.[%*!

position sensitive
photodetector

feedback control
| electronics &
computer

piezoceramic

tube scanner
laser

cantilever with tip
sample surface

Figure 1. Schematic setup of a scanning force microscope with scanning cantilever probe and
beam deflection detection system. Tip position in x, y and z direction is controlled by the

piezoelectric tube scanner.

A wide variety of forces can be detected as the tip approaches the sample.
However, when operating in air in the absence of external fields, the main normal forces
contributing to cantilever deflection are attractive long-range (van der Waals) and
repulsive short-range (electrostatic Coulomb) forces.®¥ Induced by fluctuating dipole
moments among atoms of the tip and the specimen, these forces can be approximated by
the Lennard-Jones potential as the function of the probe-sample distance, and be
associated with the operating SFM modes (Fig. 2). Two basic modes can be applied, the
static (contact mode) and the dynamic mode (intermittent mode and non-contact mode).
Contact mode operations are restricted to the repulsive force regimes, where the force
gradient is high. In the intermittent mode, also known as Tapping Mode™, an oscillating
cantilever remains in both the attractive and the repulsive part of the curve, while the non-
contact mode applies to the attractive part only. Furthermore, operating at a higher
atmospheric humidity causes a thin layer of water vapor to be adsorbed on the sample
surface which is accompanied by strong adhesion forces due to the capillary effect.!?: ¢!

7
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This problem can be easily eliminated by conducting experiments in an aqueous medium
or under ultrahigh vacuum conditions. Weisenhorn et al.!®®! showed that the force applied
to the surface by the tip can be reduced by a factor of 10-100 while measuring in water
instead of air.

force

i intermittent
|{ mode

repulsive force

lcontact mode |

\ i

distance

y

attractive force

non-contact
mode

Figure 2. Schematic illustration of the Lennard-Jones potential shows the interatomic forces
between the tip and the sample in dependence of their distance. Three SFM operating modes are
differentiated by implied interaction forces: the contact mode, the intermittent mode and the non-

contact mode.

The resolution of SFM depends on many factors, e.g. the nature of the sample
surface to be studied; the sensitivities of the optical lever, which measures the local
height of the probe; the piezo scanner, which regulates the height combined with a careful
control of probe-sample forces; and particularly the geometry and mechanical
requirements of the tip and the cantilever. Commercially available SFM cantilevers are
typically fabricated from silicon or silicon nitride with an integrated sharp tip (radii range
from 10 nm for etched Si tips to 20-60 nm for standard SisN4 tips) and usually appear
pyramidal, tetrahedral or conical in shape.[*® "1 In general, the smaller the tip radius, the
smaller the structures that can be resolved. Broadening of features is one of the well-
known convolution effects and occurs when the tip curvature radius is comparable or
greater than the structure size. This is illustrated in Fig. 3. The SFM topography image
shows well dispersed iron oxide NPs (~ 10 nm, Fig. 3a) with an average distance of 100

nm on the surface of a template stripped gold (TSG) sample after a LB transfer. The
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original oleic acid stabilizing ligand shell of the NPs was partially replaced by 1-
mercaptoundecanoic acid. Changing NP properties led to a covalent interaction between
particle and Au surface by the presence of a thiol terminated ligand shell. These
measurements were prepared within the project regarding the formation of two
dimensional nanocomposites (Chapter 5.3), but not further traced as the ligand exchange
reactions were difficult to reproduce and to characterize. Based on the cross section
obtained from SFM images (Fig. 3a), the broadening effect can be clearly seen as the
particles have a larger lateral dimension as expected. When the same particles are
scanned by a tip with a smaller radius than that used for experiments, the SFM images
would show particles having a smaller lateral dimension (Fig. 3b). The lateral dimension
of the particles obtained from SFM images cannot be used to characterize their size due
to tip convolution, but the height can be.

r s ° 15.0 nm
- 0
i ¢ L] " v Tip: 8 nm Sharp tip~ 2 nm
@
s & ¥ . 7.5 nm /O\v ﬂ
TSG

h/nm
o  w

Figure 3. a) SFM topography image recorded in the intermittent mode and the corresponding
cross section of marked NP (approximately 10 nm in diameter) indicating the convolution effect.
b) The schematic cross section represents the path of the tip as it scans over the sample, while

the finite size of the imaging tip may cause raised features such as the NPs to be broadened.

To overcome the limitation of silicon tips and to minimize convolution effects
during the observation of small features, carbon nanotube (CNT) tips have been
successfully used. Carbon nanotubes acting as SFM probes provide a new class of high
performance sensing systems, achieving molecular resolution due to their high aspect
ratio and reversible buckle ability.[%"
(SWCNT, 1-3 nm in diameter) and multi-walled nanotubes (MWCNT, 5-100 nm in

diameter), they are either attached or directly grown on standard microfabricated SFM

In form of flex single-walled nanotubes
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tips and may have several micrometers of length."™ 2 As a reference to minimize tip
convolution, Martinez et al.™ used the carbon nanotube technology to image
biomolecules such as DNA. The conventional cantilever shape for intermittent mode is a
rectangular bar, whereas triangular (VV-shaped) cantilevers are often used in the contact
mode. They are available with different coatings (i.e. gold or aluminium) either on the
back side, in order to increase the reflectivity for the optical detection or completely

covered, e.g. with a conductive material, allowing the probe to act as an electrode.

When choosing the cantilever different criteria should be met depending on the
application it is used for. According to Hook's law:

AF
Az = 7 (1)

where Az, the deflection of the cantilever, is determined by the acting force AF and the
spring constant k. If a cantilever with a low spring constant is used, maximum force
sensitivity can be achieved. The spring constant (typically ranging between 0.001 to 100
N m™)) is related to the stiffness of the cantilever, which is described for a rectangular
cantilever by its thickness d, average width w, length | and the Young's modulus Y

(coefficient of elasticity):["™

_vddw

T 413 &)

Another important property of the cantilever is the resonant frequency f,, which is
strongly influenced by the spring constant and the effective mass m of the lever as

follows:

f= & @

High frequency cantilevers minimize the sensitivity to external vibrations of the
instrument and allow scanning at a higher speed.[’®"® While maintaining a low spring
constant, which characterizes a soft cantilever, the mass needs to be quite low to keep the
k/m ratio large. Due to a significantly reduced tip-sample interaction, soft cantilevers are
ideally suited to investigate soft fragile samples nondestructively in contact mode. Larger,
relatively thick cantilevers with a high spring constant are recommended for dynamic
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SFM modes since they are sufficiently rigid to prevent an oscillating tip to get pulled into
the sample, which can easily happen with soft cantilevers.’® ™ The technical data of
cantilevers used in this thesis are listed in Table 1 to give a comparison for typical contact

mode and intermittent mode requirements.

Table 1. Specification of soft and rigid cantilever and tip used in this thesis for SFM

measurements in contact mode or intermittent mode.

Cantilever specification Contact mode (soft) Intermittent mode (rigid)
shape: triangular rectangular
back side coating: reflective gold reflective aluminium
resonant frequency [kHz]: 90-160 230-410
spring constant [N m™]: 0.3-1.2 20-80
length [um]: 80-90 110-140
width [um]: 13-23 30-50
thickness [um]: 0.5-0.6 3.25-4.75
Tip specification
height [um]: 2.5-8.0 10-15
radius [nm]: 10-40 10

2.1.2 Operation modes

Static mode. The static mode, also called contact mode, operates either in the constant
height mode, where the z-height remains constant and the deflection of the cantilever in
z-direction provides the image contrast during the x-y scanning (Fig. 4b), or in the more
commonly used constant force mode, where the force between tip and sample is kept
constant by a feedback system and the topography is created from the height needed by
the cantilever to be displaced in order to regain the initial z-deflection of the cantilever
(Fig. 4a). Both modes allow high resolution imaging as the tip scans in a very close
distance (a few Angstrom) to the sample, thus being affected by strong repulsive forces.
The constant height mode works with a high scanning speed since the scanner does not
have to move up and down. However, high resolutions can only be achieved on relatively
flat and smooth surfaces. Rough surfaces with extreme changes in the vertical topography
provide a higher probability of tip-sample collisions and can be probed more easily in the

constant force mode. This mode operates with a lower scan speed to keep the feedback
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signal and gives a good control on the tip position. By using cantilevers of a low spring
constant, the strong forces between tip and sample can be better balanced, which is
substantial to avoid sample damages in constant force applications on soft matter. Under
these premises, Leit et. al.®% investigated the morphology of conductive polymers in
different adsorption stages and interpreted the observations by different parameters such

as roughness, relative surface coverage and fractal dimension.

a) constant force mode b) constant height mode
Y_/
____ Ve ,_1—\_|_\
sample ] |

M deflection ,—|_|—\—

c) lateral force mode

trace _ﬂ 'Ll ‘—1—-
retrace -—rl L_I L_F_
friction —1’ L II —_
topography —I: .
1) 2) 3) 4)

Figure 4. Schematic representation of a) the constant force mode, b) constant height mode and c)
lateral force mode: In the lateral force mode the friction loop is measured by tracking the lateral
deflection signal in two opposite directions (trace and retrace). Most topographic components are
removed by subtracting the data for trace and retrace (1 and 2). The black part in the sample
indicates a domain with a relatively large friction (3 and 4). Signals originating from vertical

deflections (1 and 2) are reflected in the topography trace.

One challenging issue of the constant force mode is the lateral friction force
between tip and sample, which can be considered as the force that resists the relative
lateral motions between two contacting bodies. Friction forces increase proportional to
the total tip load exerted on the sample, and cause the cantilever to bend sideways. This
effect may damage weakly bound molecules or blunt the tip during scanning, resulting in
a lower spatial resolution. In order to quantify and map frictional forces the lateral force
microscopy (LFM) is used. In the lateral force mode, the tip scans back and forth, in most
cases perpendicular to the long axis of the cantilever causing a torsional motion of the
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cantilever along the same axis with respect to the horizontal plane (Fig. 4c). In addition to
the normal forces detected by the vertical bending of the cantilever, the lateral force can
be calculated from the twisting angle of the cantilever using known parameters (e.g.
dimensions, stiffness). Generally, the higher the torsional stiffness of the cantilever, the
greater the sensitivity of lateral forces. Changes in local friction originate from a number
of physical phenomena, such as electrostatic interaction, surface elasticity and chemical
interaction or capillary forces, but may also be influenced by the topography (surface
roughness, slope variations of surface features). LFM provides quantitative data on
interfacial interactions and material-sensitive contrasts due to variations in surface

composition,® ¥ molecular organization®* # or mechanical properties.® &

Dynamic mode. The dynamic mode, including for example the intermittent mode and the
non-contact mode, can be employed to overcome high lateral forces between the SFM tip
and the sample surface. Different to the static mode, the tip is only intermittently touching
the sample surface. Thus, intermittent mode prevents the tip from being trapped by
adhesive forces and causing damage to soft matter during scanning.’®” It is also useful in
the study of weakly attached deposits on substrate surfaces. This phenomenon was
experienced, when trying to image AuNPs which were electrostatically attached to an
1-aminopropyltriethoxysilane (APTES)-modified indium tin oxide (ITO) surface by SFM
(Chapter 6.1). Contact-mode imaging turned out to be not useful since the particles were
easily displaced due to the strong lateral forces between the tip and the sample. Figure 5
show images acquired in the intermittent mode and in the contact mode. After a few scans
in the contact mode the amount of particles in the scanned area (Fig. 5a, b) is clearly
lower than in the area outside the scanning window (larger scan area Fig. 5¢). In contrast,

intermittent mode permits imaging of AuNPs with a well-defined outline (Fig. 5d).
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a) contact mode b) contact mode
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Figure 5. SFM images of AuNPs electrostatically attached to APTES-modified ITO samples
recorded in the a), b) contact mode and d) intermittent mode of a scan area of 5 um x 5 um.
¢) Imaging in the contact mode causes a displacement of AuNPs after a few scans (clearly

indicated by the image with a larger scan area of 10 um x 10 pum).

In intermittent mode the cantilever is excited to oscillate close to its resonant
frequency with a free amplitude ranging between 5 and 100 nm in air (Fig. 6a).l®!
Compared to the free cantilever oscillation, the oscillation amplitude is necessarily
reduced by several tens of nm due to the energy loss when the tip is in contact with the
surface (Fig. 6b)." The reduction in oscillation amplitude is used to identify and
measure the topography. During scanning, the cantilever oscillation amplitude is
maintained as close as possible to the pre-defined amplitude setpoint by adjusting the
probe to sample distance accordingly (feedback loop, Fig. 6¢, d). Furthermore, the phase
shift of the oscillating cantilever relative to the driving signal as reference allows
mapping material characteristics of a heterogeneous sample surface (Fig. 6e). The phase
signal can be influenced for example by variations in composition, hardness, adhesion,
friction, viscoelasticity, electrical and magnetical properties of the studied sample.

Typical response curves of a cantilever are shown in Fig. 6.
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Figure 6. Scheme illustrates the principles of intermittent mode and phase imaging.

The non-contact mode relies on a similar principle like the intermittent contact
mode. It is characterized by small probe oscillations with an amplitude of usually 1 nm,
while the tip is lifted 50-100 A above the surface. This mode operates in the attractive
regime of the intermolecular force curve in Fig. 2.° The large distance and weak
attractive forces between tip and sample may lead to a poorer resolution than obtained
with contact and intermittent contact modes. However, several studies®®®? raise hopes
that the non-contact mode may obtain true atomic resolution images under a number of

environmental conditions.

Force spectroscopy. Force spectroscopy using a scanning force microscope, in both the
static or dynamic modes, is a powerful tool to obtain a deep insight in the properties of
the sample surfaces besides the topography as it allows the quantification of forces on the
nN scale. Monitoring interaction forces is realized by the measurement of force-distance
curves (Fig. 7). Force-distance curves show the cantilever deflection u as a function of the
height z during tip approach (trace, Fig. 7 dashed black curve) and retraction (retrace, Fig.
7 solid grey curve). By using Hook’s law [Eq. (1)], the tip-sample force can be calculated
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from the deflection for each vertical displacement distance z. The static SFM
configuration is used as the standard approach to obtain force-distance curves. When the
tip is far away from the sample surface, no interaction can be measured (Fig. 7, point 1).
As the tip is at an interatomic distance, it snaps into contact with the surface due to
attractive van der Waals forces (Fig. 7, point 2). This results in a small downward
deflection. The adhesion is also often caused by capillary forces, which may appear when
imaging under ambient conditions, i.e. in the presence of an adsorbed water layer or
organic contaminants on the sample surface.”® During a further approach, repulsive
forces bend the tip away from the sample causing the deflection signal to increase
proportionally to the force acting on the cantilever [according to Hooke's law in Eq. (1)]

until the setpoint of deflection is reached (Fig. 7, point 3).

N I
1
>
S 2 o
© trace
2.4 1 — -
o - 3
a; retrace
2 adhesion _
s force
4
@]
Distance z / nm S

Figure 7. A force-distance curve represents the approach (dashed, black curve) and the retraction
(solid, grey curve) part. No interaction can be measured when the tip is far away from the sample
(1). Point 2 describes the jump into contact of the SFM tip to the sample. After that, the tip-sample
separation decreases, causing a deflection of the cantilever (3). Due to adhesion forces, the tip
remains in contact during retraction and the deflection signal decreases (4). In point 5, the tip

loses the contact to the surface upon overcoming of the adhesive forces.

When the tip is retracted beyond the contact point, it remains attracted to the
surface by adhesion causing the cantilever to bend towards the sample (Fig. 7, point 4),
until the loss of contact (snap-off) where no deflection signal is measured (Fig. 7, point
5). The finite force necessary to pull the tip off the sample surface is often used to
quantify adhesion forces. Dissipative processes and interfacial interaction (e.g. adhesion

16


https://en.wikipedia.org/wiki/Hooke%27s_law

Applied characterization techniques for supported nanomaterials

force) in the contact of the tip and the sample cause the hysteresis between the approach

n [93 4]

and the retractio This hysteretic effect can be eliminated using stiffer

cantilevers.”> *I However, the use of dynamic SFM has become an interesting subject to
obtain quantitative information on material properties. This was supported by numerical

simulations as well as experimental data.[*¢-%!

In a more sophisticated version of this technique, called single-molecule force
spectroscopy (SMFS), only one interacting molecule is attached with one end to a surface
and with its free end to the probe. Mechanical stretching of this molecule by a
piezoelectric controller produces restoring forces as function of extension. This offers an
unique opportunity to detect binding forces of macromolecules to various surfaces® !
as well as protein folding and unfolding processes™® via high-resolution force-
extension curve measurements. Typical approach (grey curve) and retraction (black

curves) traces for mechanical stretching of a protein are shown in Fig 8.

retrace

Cantilever deflection u/V

v

Distance z / nm
Figure 8. A typical force-extension curve represents the protein folding and unfolding process

during mechanical stretching.

In the approach part of the force curve, a single protein is picked up from a dense
layer by the SFM tip because of an applied contact force. An array of peaks in the

retraction trace is caused by unfolding processes of individual protein domains. The

17



Applied characterization techniques for supported nanomaterials

height u of these peaks is used to calculate the unfolding force and the distance z between
peaks is used to measure the length of the unfolded protein regions.[*® Single-molecule
force spectroscopy using SFM has gained tremendous importance in the study of protein
misfolding phenomena and provides quantitative insights into the nature of molecular

interaction of different receptor-ligand systems.[1%6-1081

2.2 Material-dependent working modes of scanning electron

microscopy

Scanning electron microscopy (SEM) provides information about the surface
topography and composition by scanning a sample with high-energy electrons that are
focused into a small beam by a series of electromagnetic lenses in the column of an SEM
instrument. The electrons are generated by a thermal emission source (e.g. a heated
tungsten filament) or by a field emission cathode and then accelerated towards a
grounded anode plate, which is maintained at a positive voltage relative to the cathode in
order to create an electrostatic field. A grid cap (Wehnelt cylinder) located between the
electron emitter and the grounded anode is maintained at a slightly more negative
potential compared to the filament, and thus, it allows a first rough focusing of the
electrons on accelerating towards the anode. Depending on the evaluation objectives and
the specimen under study, accelerating voltage may vary between 0.2 kV and 30 kV. The
interaction or signal generation volume has a teardrop shape and a penetration depth of
about 3 pum (Fig. 9). The penetration depth is affected by the specimen density and
accelerating voltage.""®! A higher accelerating voltage will give the electrons a higher
speed and penetrating power. Moreover, working at higher acceleration voltages requires
conductive and properly grounded samples. Incident electrons accumulate on the surface
in case there is no conductive path available which would allow them to escape. This
effect is evident by excessively bright areas of the sample, especially along edges.
Localized melting and damage, especially of organic surface materials, can also be
caused by beam-sample interaction. In order to prevent surface charging artefacts and
damage, insulating specimens (e.g. polymers and biological materials) can be coated with

a thin conductive layer of either metal or carbon.
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Incident electron beam

Auger electrons

30 kV
BSE
Depth of
penetration
X-ra
Y @ um)

Figure 9. Schematic representation of processes resulting from electron-sample interaction. A
variety of signals (e.g. backscattered electrons (BSE), secondary electrons (SE), characteristic X-
rays and Auger electrons) is produced when electrons interact with atoms of the sample. The
depth of penetration increases with increasing accelerating voltages (comparison 15 kV and
30 kV).

The interaction of the incident electron beam with atoms of the sample surface
produces a variety signals, such as backscattered electrons, secondary electrons,
characteristic X-rays (Fig. 9) and Auger electrons.* While characteristic X-rays permit
an elemental analysis of the specimen, secondary electrons (SE) and backscattered
electrons (BSE) are commonly used for imaging. The latter are basically primary incident
electrons that turn back from deeper sample layers without an energy loss (elastic
collisions between beam electrons and specimen nuclei). The intensity of the detected
electron signal is directly related to the atomic number of the specimen. For example,
materials with a high atomic number would provide a brighter contrast than materials
with a lower atomic number. Due to their high energy (> 50 eV), it is difficult to deflect
them to the detector. Therefore, the intensity of BSE is very low and the surface
topography cannot be as accurately resolved. Low-energy (< 50 eV) electrons emitted
from an outer shell of a specimen atom upon impact of the incident electron beam are
called secondary electrons (inelastic collisions between beam electrons and specimen
electrons). Different to the high-energy BSE, they are generated close to the sample

surface and can leave the sample with a high probability to be collected at the detector.
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Due to the small interaction volume (between 5 and 50 nm) compared to that of BSE,
much smaller surface feature can be resolved using the SE imaging mode. This mode
provides a more surface-driven and less composition-influenced image contrast. The
amount of emitted electrons at edges and curvatures is higher than on flat surface regions.
However, holes where only a small fraction of SE can escape appear darker. By changing
the tilt angle of the sample stage relative to the detector, the SE contrast can be increased.
In this thesis, the SE imaging mode was useful for the study of thin nanostructured layers
including for example two-dimensional AuNPs arrays on APTES-modified ITO samples
(Chapter 6.1), as well as polymeric matrices with nanocavities formed upon an extraction
of template AuNPs from NIPs (Chapter 6.3). Although, the detection of emitted X-rays
would provide an elemental analysis of specimen using energy dispersive X-ray
spectroscopy (EDX) inside the SEM chamber, it is not applicable to such thin layers
(approximately 30 nm), because the sensitivity is insufficient for such thin layers
considering the other X-rays originating from a surface layer of approximately 2-3 um. A
single X-ray is produced when the incident electron beam ejects a tightly bound inner
shell electron (means the SE) of the specimen atom and a weakly bound outer shell
electron relaxes to the vacancy under emission of X-rays. Detecting the emitted X-ray
photon and measuring its energy allows the determination of element from which it was

emitted, i.e. a constituent of the sample material.

In a conventional SEM, the sample chamber and the electron column are at a high
vacuum (between 10° and 107 mbar) in order to avoid interaction between the electron
beam and residual gas molecules. However, this technique has been further developed so
that operation under environmental (typically a few tens of mbar) and wet conditions is
also possible. This improvement prevents charge accumulation from bombardment by the
electron beam at non-conductive samples by the presence of positively charged gas ions
(usually water vapor), which compensates the negative charge of the electrons. Thus,
environmental scanning electron microscopy (ESEM) has proved to be a successful
method for the study of insulating and/or moist specimens without conductive surface-

coatings, which means that native and hydrated surfaces can be explored.
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2.3 Electrochemistry of metal nanoparticles and complex

formation

The electrochemistry of NPs in general has received attention from various perspectives.
Initial work used electrochemistry to prove quantized charging of very small,
monodisperse nanoparticles.!**> 1! Bard et al."*"! used differential pulse voltammetry to
determine oxidation and reduction potentials of semiconducting NPs in order to estimate

the size-dependent positions of valence band and conduction band edges.

More recently the groups of Bard and Compton advanced the methodology of

single NP collision experiments.™*812]

Typically, the working electrode is an
amperometric microelectrode of micrometer size. When using diluted NP solutions
individual collisions of NPs are clearly separated in time. There are several versions of
this experiment. When a sufficiently high potential is applied, all colliding NPs are
immediately oxidized. Integrating the I(t) peak provides the faradaic charge for each NP,
which can be converted to obtain the size of the NP. Statistical analysis of such data can
provide a size distribution (from the histogram of individual oxidation charges) and a
concentration (from the collision frequency). A related approach uses the NP as catalyst.
While the NP is attached to a catalytically non-active microelectrode it can temporarily
catalyze a reaction such as hydrazine oxidation, that would not proceed on the bare
microelectrode.'! More recently, Ahn and Bard™®? enabled for the first time the
observation of NP collisions events on an isolated large electrode area by tunneling
electron transfer across a dielectric surface layer made of a thin film of titanium dioxide.
For these experiments it is very important to control a complete oxidation (for NP sizing)
or the absence of surface oxidation when electrocatalytic detection is the aim.

In this thesis, linear sweep voltammetry (LSV) is used for a complete oxidation of
an assembly of NPs. This reaction (similar to complete oxidation in single NP collision
experiments) is strongly influenced by complexing ligands in the working solution. In
this work, it contains 3 M KCI as electrolyte and as complexing agent to facilitate the
electrochemical dissolution of AuNPs. Gold ions Au** form a tetrachloroaurate(lll)
complex [AuCl4] with 4 chloride ions. This causes the redox reaction of gold to occur at
a less positive potential than in the ligand free solution. The equilibria in Eq. (4-5) will be
established.
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Au + H,0 = Au(H,0),*" + 3 ¢’ (4)

Au(H,0),*" + 4 C1 = AuCly + 4 H,0 (5)

If only equilibrium (4) is relevant, i.e. in the absence of chloride or any other complexing
agent, the potential E is given by Eq. (6):

C(Au Y _ or RT Ct
=B pwaty Top 185 (6)

E = E(Au/Au3+) +— lg

where Ey a4y = 1.19 VI (vs. Ag/AgCI) is the formal potential of gold in aqueous

solution, R the gas constant, T the temperature, F the Faraday constant, n, = 3 the number
of transferred electrons, c(Au®") the dissolved concentration of Au(H,0)s** (equal to the
total dissolved metal ion concentration ¢;) and c® = 1 mol L™ the standard concentration.
The shift of the formal potential of the gold electrode AE°’ can be calculated by rewriting
the Nernst-Equation (6) using the logarithm of the conditional brutto stability constant
lg(B/c°*) = 21.301%4 of the complex [Eq. (7)].

, _ c(AuCly)
F = c(Aud+)-c(Cl)* (7
of RT , (c®)* . RT °
E = E{pynir) + 55 18 ﬁ +51g ( ((le—)) + 20 Igc(Aucly) (8)

In case of a large excess of ligand c¢(CI") >> c(Au®*") + c(AuCly), the concentration of the
complex can be equated to the total concentration c; of metal ions, i.e ¢, = c(Au®) in Eq.
(6) and c; ~ c(AuCly) in Eq. (7).

~E RT 1o (€ L RT (¢ \* R
Ex E(AU/AU3+) T 3F g B’ T 3F g (c(Cl‘)) ol 3F g c° ©)
When rewriting Eq. (9) as a formal potential E ( o/ AL in the presence of a fixed ligand
4
excess as
E = E" LIPS (10)

(Au/[AuCly]) = 3F ©c°

it follows for E*' )
(Au/[AuCl4])
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or ol RT | (c)* | RT e \*
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Consequently, the difference of the formal potentials E*’ at 298 K is

AE° = E(Au/Aung) - E(‘/Ixu/[AuCM]_) (12)
R298K ; (c)* R298K c )
=~ 37 1 B’ Y (C(Cl_)) >
= 205 (_21.30) - 225V g1 4
3 3 3
=046V o

In other words, the oxidation of gold occurs above 1.19 V vs. Ag/AgCI without a
complexing agent, whereas in the presence of 3 M KCI it is expected already at 0.73 V
(shifted by 0.46 V).

It should be noted that single particle collision experiments implicitly assume a
complete oxidation upon each collision or a 100 % sticking coefficient. There is some
discussion to which extent such an assumption is realistic in particular considering the
variety of different ligand shells, their possibilities of interactions as well as their
passivating properties.’?! In this thesis it was the aim to detect NP depending on their
ligand shell. This requires a selective recognition that has not yet been demonstrated with
single particle collision experiments. Enriching the NP at the interface has the important
advantage that it opens the way for using complementary detection methods such as
electrochemical conversion, imaging by SEM, SFM or analysis by XPS. The use of such

complementary techniques is heavily exploited in this thesis
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3. Assembly of nanoobjects in rigid matrices

This chapter provides a brief introduction to nanoparticle self-assembly and gives a better
understanding of specific and non-specific interactions between NPs and NIP systems
(Chapter 3.1 and 3.2). In Chapter 3.3 a NIP-related model is discussed, which is well
known as a molecularly imprinted polymer (MIP) for selective recognition of molecules
and larger structures (e.g. peptide, protein and cells). Chapter 3.4 summarizes the existing
NIP systems and describes two different strategies for the preparation of NIPs used in this

work.

3.1 Assembling two-dimensional NP arrays

The construction of two-dimensional (2D) and three-dimensional (3D) NP arrays with
tunable interparticle distances is of utmost importance for the development of novel
electronic devices and biosensing applications.'**®! Precise control over uniformity (size,
shape, composition, surface chemistry) of nanoparticles permits quasicrystalline
nanoparticle assemblies, which provide a new class of highly ordered close-packed solids
with unique size-dependent properties.??"*%! From the fundamental perspective, there is
a great effort to understand the key parameters affecting the assembly of colloidal films.
This often includes the NP nature and surface functionality, the substrate properties and
their interaction with the environment. To date, a variety of approaches exist for the
controlled assembly of NP arrays, involving for example the self-assembly (no force
applied) or the guided self-assembly (requires an external force).'*¥ Self-assembly of
NPs describes the process in which building blocks spontaneously organize into ordered
aggregates or networks by controllable thermodynamic conditions.™*" These assemblies
are for example caused by the electrostatic, covalent or metal-ligand interactions between
NP and interfaces. The Langmuir-Blodgett (LB) technique combines both the self-

assembly and the guided self-assembly technique.

As the focus of this project rests on the design of thin-layered NIPs as the
recognition element for efficient sensing devices, the following two chapters represent
general approaches used for the 2D assembly of NP arrays including closely packed and
randomly packed systems. Since a larger interparticle distance would provide a more
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stable architecture of the polymeric matrix after removal of NPs, the construction of

closely-packed NP arrays is not a necessary criterion for the realization of NIPs.

3.1.1 Electrostatic attachment

In order to achieve electrostatic interaction, the corresponding substrate surface and the
surface of the NP must be opposite charges. The oppositely charged species are held
together by strong ionic bonds resulting in an uniform and stable colloidal film. The ionic
strength of colloidal solutions is a crucial parameter affecting the distribution and amount
of immobilized NPs. A density-controlled adsorption of citrate-stabilized AuNPs with a
random, but well-spaced distribution onto APTES-modified silicon surfaces was shown
by William et al.'®? to be easily attainable by varying the ionic strength of the NP
solutions. With increasing ionic strength, the thickness of the electrical double layers at
the substrate surface and the NP decreases (according to the Deyagin-Landau and
Verwey-Overbeek (DLVO) theory).’****1 Consequently, the electrostatic repulsion
between particles and hence the inter-particle distance decrease leading to the increase in

NP density at the substrate surface.

In this work, the attempt was made to immobilize citrate-capped AuNPs by
electrostatic attraction on APTES-modified ITO samples (Chapter 6.1). The self-
assembly of NPs was carried out at pH 5 where the carboxylic groups of the NPs surface
and the amino groups at the sample surface are oppositely charged. As made evident by
many studies, the amount of NPs strongly depends on the pH and the exposure time the
APTES-modified ample to AuNP solution.3-1%!

3.1.2 Langmuir-Blodgett with nanoobjects

One of the most widely used methods for the assembly of 2D nanoparticle arrays is the
Langmuir-Blodgett (LB) technique,™****? which has been long used to assemble
molecular mono- or multilayers.™* 4 With this technique, the NPs are allowed to self-
assemble on a liquid-air interface guided by a mechanical force, which result from
decreasing the surface area of a single NP. At a chosen surface pressure, the layer can be
transferred from the liquid-air interface to the surfaces of a solid sample. Consequently,
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this technique offers the possibility of preparing reproducible NP arrays with the control

of interparticle distance.

The ability to realize NPs-matrix systems in one assembly step is the major
advantage of the LB technique for the preparation of NIPs. Two-dimensional
nanocomposites composed of an organic LB film and NPs have been assembled by
formation of the NPs directly at the water-air interface,**> 14! by codispersion of the two
components,**” 8l and by electrostatic extraction of the NPs from the subphase into the
LB film.2° 2% The latter one was used for the realization of the poly(aniline)-based NIP
system discussed in Chapter 5.4. Chapter 5.3 shows another appealing approach for the
realization of NP-matrix systems, in which the attempt was made to incorporate FezO;-

NPs into LB-layers made of amphiphilic oleic acid molecules.

3.2 Specific and non-specific interaction of nanoobjects with

surfaces

In the case of proteins, nanoobjects or cells, the surfaces of these objects may expose a
large diversity of functional groups. When contacting to a solid surface, some weak
interaction is typically observed for each combination of solid surfaces and cells or
nanoobjects. Such interaction is called non-specific. In fact, specific measures are
required to suppress adsorption of proteins, for instance by coating surfaces with layers
containing oligoethylene glycol (OEG) groups.*®¥ According to Herrwert et al.*%? the
suppression of non-specific protein adsorption (and consequently cell adhesion) by OEG-
terminated surfaces is based on the combination of three factors, namely the internal
hydrophilicity of the OEG layer, the hydrophobicity of the terminal groups of a packed
arrangement of OEG chains and the lateral packing density for instance within a SAM.
Surfaces equipped with SAM preventing non-specific adsorption can be manipulated
chemically. This typically lifts the restrictions for non-specific adsorptions. This has been

used for surface patterning adherent cells on surfaces.!**%

In contrast, a specific interaction refers to a pair of receptor and analyte, such as
antigen-antibody, complementary single-stranded desoxyribonucleic acids (sSDNA) or

hormones-hormone receptors. This requires complementary arrangement of functional
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groups able to generate a tight binding by multiple weak interactions by H-bridges,
coulomb interaction or dispersion forces. Due to the strong distance dependence of
dispersion interaction, a close geometric fit is required between the binding partners.
When transferring the concept to MIPs and NIPs, specific interaction refers to the
interaction of the template or analyte to the binding pocket of the MIP and NIP. Since the
matrix usually exposes the interacting functional groups at its surface, but outside the
binding pocket, there will always be a tendency to bind nanoobjects at the surface outside
the binding pocket or cavity. This interaction is therefore called non-specific.

In the context of molecular imprinted polymers (MIP, Chapter 3.3) the imprinting
factor (IF) describes the ratio between the amount of target molecules bound to the MIP
and the amount of target molecule bound to the non-imprinted polymer. If binding of
molecules is favored by non-specific interaction, a low IF is expected as the target
molecule interacts to the same extent with imprinted and non-imprinted polymers. The IF
can be increased by reducing the non-specific interaction and incorporating specific

binding sites during the imprinting process.

3.3 Molecular imprinting

Molecularly imprinted polymers (MIPs) are produced by imprinting technology and
provide robust materials with predictable molecular selectivity. The idea of molecular
imprinting was proposed and introduced by Wulff and coworkers to mimic natural
systems where biomolecules are recognized by receptors.'™*¥ The methodology and
concepts of MIPs can be applied to nanoobjects where the aim is to develop the basis of
nanoobjects imprinting systems, which will selectively recognize NPs based on their size,

shape and interactions with a thin film.

3.3.1 Preparation and application of MIPs

MIPs are polymers that are formed in the presence of a template (imprinted) molecule.
This process involves crosslinking functional monomers around the selected molecular

template to create a polymer matrix offering recognition sites based on the interactions

between template molecule and functional monomers. After polimerization the template
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is removed from the polymer leaving a complementary well-defined cavity, which can
selectively reuptake the template. A schematic illustration of the imprinting process is

presented in Fig. 10.

template

self-assembly ‘ polymenzat;on L.$ removal B
—— .
k re- uptake k
‘/ i - cross-hnklng
k molecule

functional
monomers

Figure 10. Schematic of the MIP principle including the self-assembly process of template and
functional monomers, polymerization in the presence of a cross-linking molecule, the removal and

selective reuptake of the template.

The most common methods for introduction of functionality into the recognition
sites of imprinted sites are covalent, noncovalent and semi-covalent approaches. Wulff
and coworkers™* introduced the MIP concept more than three decades ago based on the
covalent imprinting approach, which involves a chemical reaction between the template
and the functional monomer. However, rebinding to the polymer by the formation of
covalent bonds is too slow for many potential applications including chromatography.™®
Noncovalent imprinting is one of the most commonly used methods for the preparation of
MIPs and was mainly devised by Mosbach et al.™®*™% The advantages of the
noncovalent approach are the coexistence of various intermolecular interactions, which
enables a quick self-assembly of the monomer-template complex. Typical noncovalent
interactions are hydrogen bonding, ion-pairing and dipol-dipol interactions. The main
disadvantage compared to the covalent imprinting process is an unpredictable stability of
the complex during the polymerization process. Combining the advantages of both
attachment strategies is referred to semi-covalent imprinting, where the template is
covalently attached to the monomer during polymerization, whereas the rebinding step is

based only on non-covalent interaction.!*¢%!

The standard method for the construction of MIPs involves bulk polymerization of

template, functional monomer, and the cross-linking reagent in the presence of a solvent,
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which acts as porogen. Porogenic solvents are necessary for the creation of large pores, in
order to assure good flow-through properties of the resulting polymer. After completion
of the polymerization process, the resulting monolithic block is grinded and sieved into
particles with sizes in the micron range depending on their final application. This method
is simple, but also time consuming and yields only moderate amounts of useful imprinted
polymers. The polymer particles obtained are often irregular in size and shape. Moreover,
the grinding steps can destroy some recognition sites, which reduce the binding capacity
of MIPs.*1%] |n order to overcome these limitations, a number of alternative methods
to prepare novel MIP formats have been developed, such as producing MIP beads via
suspension,*®* 31 and precipitation polymerization,**® 71 producing molecularly
imprinted thin films or membranes,*®® %I and surface imprinting,*”* 1™ especially for
imprinting large molecules (e.g. biomacromolecules and proteins). The latter is detailed
in Chapter 3.3.2.

MIPs can be employed in a variety of applications, such as chromatographic
separation, sensors, catalysis, and drug delivery systems. Using MIPs as chiral stationary
phase (CSP) in chromatographic applications enables for example the separation of
enantiomers containing one or more stereogenic centers. In this manner nonspecific

interaction, which affects both enantiomers equally, are eliminated.™®

3.3.2 Surface imprinting

Imprinting of small, organic molecules like pharmaceuticals, pesticides, amino acids and
peptides, steroids, and sugars is now a well-established and almost routinely used
technique. Although, MIPs have also been prepared for target macromolecules,
imprinting of large structures (e.g., proteins,™"> 1" cells,*™ mineral crystals™™) is still a
challenging task in terms of selective macromolecular recognition.!’”® This can be
attributed to the fact that most macromolecular templates are less rigid, which does not
facilitate the formation of well-defined binding cavities during the imprinting process.
Furthermore, rebinding is also difficult, since the ability of large structures to penetrate

the polymer network is limited.

Only a small number of studies exist on the imprinting of macromolecules,

whereas surface imprinting in this area seems to be promising. Surface imprinting
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techniques overcome the limitations imposed by the small diffusivity of proteins in the
highly cross-linked MIP structures by generating binding sites exclusively on the surface
of the imprinted polymers and simultaneously providing high surface area/volume
MIPs.'™t Y771 Gyurcsanyi and coworkers™ ™ proposed a versatile approach based on
nanosphere lithography to generate surface-imprinted polymers for selective recognition
of the avidin (Av) protein. This concept is shown schematically in Fig. 11a. A layer of
750 nm diameter Av-modified latex beads were deposited onto the surface of gold-coated
quartz  crystals  followed by the electropolymerization of  poly(3,4-
ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS) film with thicknesses of
the order of the bead radius. The removal of the polymer bead-protein conjugates is
facilitated by using a cleavable protein-nanosphere linkage (NHS-S-S-biotin). The
surface-imprinted polymer films show remarkable selectivity toward Av and analogues
(i.e. extravidin, streptavidin, neutravidin) and the binding capacity is ca. 6.5 higher than
of polymers imprinted with unmodified beads. The investigation of the binding process
was performed via the nanogravimetric method using an electrochemical quartz crystal
microbalance. Surface plasmon resonance (SPR) imaging offers another opportunity for
simultaneous label-free determination of MIP binding sites by measuring changes in the

reflective index of a media near a thin metal layer.l}™
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a) MIP (surface imprinting)

:/ protein (Av)

removal of polymer
bead-protein conjugate

|

b) NIP NP

s
/ removal of NPs

Figure 11. Electrosynthesis of a) molecularly surface-imprinted polymer films by nanosphere
lithography for selective recognition of proteins and b) NP imprinted matrices for selective
recognition of NPs.

The NIP systems developed in this thesis use the NP as the analyte itself rather
than as a platform for surface anchoring a macromolecular target (Av) in the surface
imprinting approach (Fig. 11b).

3.4 Nanoparticle imprinted matrices

Nanoparticle imprinted polymers as bulk material were introduced by Koenig and
Chechik,” who used polymerizable ligands to stabilize AuNPs. After cross-linking of
ligands, the Au core was chemically etched. The resulting NIP showed selective sorption
of small AuNPs. But, there was no attempt to form thinner NIP films or to use the brittle
material as sensing tool. Another related approach termed nanosphere lithography (NSL),
is an inexpensive nanofabrication technique capable of producing a large variety of
nanoparticle structures and well-ordered 2D nanoparticle arrays.™® 8 vet, this

approach does not attempt to reuptake the spheres and therefore to introduce selectivity.

After the first demonstration of thin film NIP concepts, in which the author was
participating (Chapter 5.4), a further NIP system was developed by Bruchier-Spanier and

Mandler.™®2 In this study, monolayers of cellulose acetate (CA) and AuNPs stabilized
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with dodecanethiol are simultaneously transferred onto ITO by the LB technique. After
electrochemical removal of AuNPs, the matrix is capable of recognizing NPs based on
their shell. The matrix system shows the ability to re-capture the original dodecanethiol-
stabilized AuNPs. However, AuNPs with the same size but different ligand shell were

almost not recognized by the matrix.

For the preparation of NIPs in this thesis two different routes were followed. The
first one comprises the deposition of thin film NIP composites in one step (Chapter 5). In
the second one, NIP systems are realized by a sequential deposition of template NPs and
followed by the matrix (Chapter 6).
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4. Experimental details

4.1 Chemicals

Table 2 lists chemicals which were used in this thesis for surface preparation as well as
for sample treatment and characterization. The main constituents used for NIP formation
are separately listed in Table 3 and 4. If not stated otherwise, all chemicals were of
analytical grade and were used without further purification. Aqueous solutions were
prepared using deionized water (ELGA LabWater, Celle) with a resistance of 18.2 MQ

cm at room temperature.

Table 2. Chemicals used for surface preparation as well as for sample treatment and

characterization.

Product Formular Supplier Grade
chloroform (anhydrous) CHCl, Sigma Aldrich >99.0 %
ethanol (absolute ethanol) C,HsOH Fisher VWR 99.5 %
isopropyl alcohol (hormapure) C3H;OH VWR International 100.0 %
toluene (absolute, over molecular sieve) C;Hg Sigma Aldrich VWR >99.7 %
n-hexane (Normapur) CeHs VWR International 98.2 %
ammonium hydroxide 25 % NH,OH Merck 25.0 %
hydrogen peroxide 30 % H,0, Fluka >30.0 %
hydrochloric acid 37 % HCI VWR International 35.9 %
sulfuric acid 96 % H,SO, Merck 95.0 %
nitric acid 65 % HNO, Roth Sigma Aldrich 65.0%
arachidic acid CoH400, Sigma Aldrich >99.0 %
L(+)-ascorbic acid CsHgOs Roth Sigma Aldrich >99.0 %
potassium cyanide KCN Sigma Aldrich >96.0 %
sodium dihydrogen phosphate dihydrate NaH,PO, - 2H,0 Merck 99.0 %
potassium chloride KCI Sigma Aldrich >97.0%
hexaamineruthenium(l11) chlorid [Ru(NH3)¢]Cl3 Sigma Aldrich 98.0 %
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Table 3. Chemical compounds used for organic thin film fabrication.

Product Formula Supplier Grade
oleic acid CigH3,0, Sigma Aldrich >99.0 %
3-(aminopropyl)triethoxysilane CgoH33NO3Si Fluka 99.0 %
phenol CsHsOH Sigma Aldrich 99.0 %
Sylgard® 184 Silicon Elastomer Kit [C,H¢OSI], Dow Corning Corporation, -

Midland, MI, USA

Table 4. Nanopatrticles used for imprinting processes and reuptake experiments.

Product Abbreviation Supplier Concentration
oleic acid stabilized iron oxide NPs (& 10 nm) Fe;0,4-NPs Sigma 5 mg/mL

in toluene (> 1 % OA stabilizing agent) Aldrich

gold NPs (@ 30 nm), stabilized suspension in AuNPs Sigma ~1.8-10"" NPs/mL
citrate buffer (< 12% variability in size/shape) Aldrich

gold NPs (@ 50 nm), stabilized suspension in AUNPs/50 Sigma ~3.5-10" NPs/mL
citrate buffer (< 12% variability in size/shape) Aldrich

gold NPs (@ 10 nm), stabilized suspension in AuNPs/10 Sigma ~6:10" NPs/mL
citrate buffer (< 12% variability in size/shape) Aldrich

silver NPs (@ 20 nm), stabilized suspension in AgNPs/ Sigma 0.02 mg/mL
citrate buffer (< 13% variability in size) Aldrich

alternatively: silver NPs (& 20 nm £ 3 nm), AgNPs Nano 0.05 mg/mL
citrate stabilized (< 15% variability in size) Composix

4.2 Instrumentation used for preparation and characterization

of samples

Contact angle meter. The wettability of the surfaces was determined with the contact
angle meter OCA 15plus (equipped with a CCD camera) from Data Physics (Filderstadt,
Germany). The data were analyzed with the software SCA 20 (version 1.0.0).

Polarization modulation infrared reflection adsorption spectroscopy (PM IRRAS).
This technique was used to characterize LB layer consisting of OA and OA-stabilized
Fe304-NPs and of the ligand shell of the iron oxide nanoparticles. PM IRRA spectra were

acquired by the utilization of a Vertex 70 spectrometer and an external reflection setup
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(Bruker, Ettlingen, Germany) containing a photoelastic modulator (PEM) PMA 50 (Hinds
Instruments, Hillsboro, OR, USA). The half wave retardation was set to 1600 cm™ or to
3000 cm™. The resolution of the spectra was 4 cm™'. The PM IRRA spectra were baseline
(Bessel function) corrected using the OPUS software version 5.5 (Bruker, Germany). A

detailed procedure is described in Ref.['8.

Electrochemical experiments. Cyclic voltammograms (CVs) and Linear sweep
voltammograms (LSVs) were recorded at room temperature using potentiostats CHI
620A and 660A (CH Instruments, Electrochemical Analyzer, Austin, TX, U.S.A.) in a
three-electrode configuration. As the current response is strongly affected by the area of
the working electrode, experiments were performed in a homebuilt cell specified by a
working area of 0.502 cm? (Fig. 12). Bare and modified ITO-coated glass slides as well
as Au/glass substrates were used as working electrode, pressed against an O-ring (8 mm
internal diameter) and a Teflon block with the liquid reservoir (Fig. 12). A platinum wire
(0.566 cm?) and Ag/AgCl/3 M NaCl (alternative Ag/AgCl/0.1 M KCI) electrode served

as counter and reference electrodes, respectively. All potentials are referred to the used

Reference Electrode
u/(RE, Ag/AgCl)

Counter Electrode
(CE. P1)

reference electrode.

Working Electrode
(WE, sample)

Figure 12. Electrochemical cell made from Teflon in three different views a) from the front, b) from
the top and c) the vertical cross-section area showing the arrangement of the reference, counter

and working electrode).

Scanning force microscopy. SFM was performed under ambient conditions with a
Nanoscope [1IA controller and a Dimension 3100 or an Enviroscope stage (Veeco

Instruments Inc., Santa Barbara, CA, USA) operating with a resolution of 256 x 256

37


javascript:popupOBO('CMO:0000800','B910479H')

Experimental details

pixels. The intermittent and the contact mode were used for topography imaging.
Intermittent mode images were collected at a scan rate of 1.5-3.0 Hz using an Al-coated
SizNg-cantilever (NCHV-A tip, Bruker Corporation, Billerica, MA, USA) with a nominal
spring constant of 42 N m™. Contact mode images were obtained at at a scan rate of 1.5-
7.1 Hz using an Au-coated Si3gNg4-cantilever (MSCT tip, Bruker) with a nominal spring
constant of 0.6 N'm™. The pulsed-force mode images for simultaneous acquisition of
topographical information, stiffness and adhesion properties of the polymer matrix were
obtained with SizNs-cantilever (Al-coated NFESPA tip, Bruker) with a nominal spring

constant of 3 N m™) at a scan rate of 0.7 Hz.

The determination of polymers film thicknesses were conducted similar to
literature procedures!*® *°! with triangular Au-coated SizNs-cantilever of a nominal spring
constant of 0.6 N m™ using the SFM contact mode. Before the measurement, the setup
was allowed to equilibrate for 1-2 hours to minimize drift. First a 5 um x 5 um was
imaged nondestructively with scan rate of 0.5-3.0 Hz and a set-point close to 0 V. From
this image a region of 1 um x 1 um was selected and imaging was continued with a set-
point of 10 V causing the tip to abrade the soft polymer layer until the typical structure of
electrode became evident. Subsequently, a topographic image of the scratched region
using low forces (set points between 0 and 1 V) was recorded at 1.5-7.1 Hz. The software
Nanoscope Analysis 1.4 was used for offline analysis of the film thickness. It allows
determination of two rectangular regions within a band in this region (Fig. 13a). One
region was placed in the abraded part and one region on the undisturbed polymer. It is
important to select those regions in such a way that they do not include polishing streaks
or a high concentration of agglomerates. It is also required that they are located away
from the rim of the abrasion crater because abraded polymer often accumulates close to
the 1 um x 1 um abrasion region. The thickness was determined using the software tool
"step height” that makes use of averaged height values of the undisturbed vs. the
scratched region. An example is shown in Fig. 13. This greatly reduces the influence of
surface roughness on the film thickness determination. Since the accuracy depends on the

ability to place the two imaging frames away of any larger topographical features.
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Figure 13. a) Example of SFM thickness determination after mechanical removal of the phenol-
based polymer generated on ITOpres (2.5 Hz and at a set-point of 0 V); b) the corresponding

cross section profile of the area marked by the white rectangle in a).

Friction signal images were recorded in the contact mode while scanning the
probe over the surface at a scan angle of 90° at 1.5-7.1 Hz. Image flattening was
performed with the first order, least-square polynomial function of the software
Nanoscope V5.30r3sr3, which removes tilt and the vertical z-offset between line scans.
The surface roughness is given in root mean square (RMS) values in a total area of
5 um x 5 um (unless stated otherwise). If the impurities on the initial electrode surface
influence the surface morphology, another, smaller area was chosen for measuring
roughness. The height of different surface features was measured with the software tool

"section analysis" as difference between the peak height and the average baseline.

Force vs. distance curves are used to measure the vertical force that the tip applies to the
surface during scanning. Force-distance curves were recorded upon tip approach and
retraction with a given value of spring constant k=0.6 N m™ (MSCT SFM tip) in the
contact mode. The force F is obtained by multiplying the deflection of the cantilever with
its spring constant k. The tip-sample separation (distance) can be calculated by adding the
deflection to the position. However, in case of soft and deformable materials, such as
polymers (Chapter 5.2), attractive forces and adhesion can cause an error of tip sample
separation. In this work only the change of the adhesive force was of interest. Therefore
the experimental points were shifted so that they had a common onset point of repulsive

forces in the approach scan.
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Scanning electron microscopy. Additional informations on surface morphology were
obtained by SEM using a Helios Nanolab 600i system (FEI Company) with a through
lens detector (TLD) at acceleration voltages of 1 to 30 kV. A conductive bridge of silver
paste (Ferro GmbH, Hanau, Germany) was made between the sample holder and the
upper conductive surface of the ITO samples. Images were recorded in the secondary
electron mode with a TLD detector at working distances of 3-4 mm. Size distribution of
template AuNPs and the diameter of remaining nanovoids in the polymer matrix after the
removal of the NPs were determined with Image J software version 1.45s (Wayne
Rasband, National Institute of Health, USA).

X-ray photoelectron spectroscopy (XPS). XPS was performed with an ESCALAB 250
iX (Thermo Fischer, East Grinsted, UK) using a monochromatized Al Ko excitation
(1486.6 eV). Data acquisition and spectra processing was performed with the Avantage
Software v. 5.52. Si, O, Au, N, C were detected in the samples and high-resolution
spectra were obtained. Measurements were performed of the NIPs before and after the
release of AuNPs and of AuNPs before and after they were embedded into a PPh matrix.
All spectra were corrected to the C 1s signal of ubiquitous hydrocarbon contaminations at
284.8 eV.[ Used parameters are listed in Table 5.

Table 5. Used parameters for XPS measurements.

Sample Number of scans Spot size [um]  Pass energy [eV]  Step size [eV]
PANI/AuNP/ITO_before 50 650 20.0 0.1
PANI/AUNO/ITO_after 100 650 20.0 0.1
AUNP/ITOppres 5 500 20.0 0.1
PPh/AUNP/ITO apres 5 500 20.0 0.1
PPh/{}c/1TOppteS 5 500 20.0 0.1

Fitted XPS spectra (Fig. 33 and 63) are given in the following way: solid symbols
are measured points. Thick solid lines are background and sum of all components. If

more than two components are present, individual components are indicated as thin lines.
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4.3 General cleaning procedure

Glass slides were ordered from VWR International (Darmstadt, Germany) and ITO
coated glass slides from Sigma Aldrich (Steinheim, Germany) specified by a surface
resistivity of 8-12 Q. In order to remove contaminations, glass and ITO substrates were
cleaned in an ultrasonic bath (Bandelin Sonorex, Berlin) over 5 min in ethanol and then 5
min in water and dried in an argon stream. Subsequently, the surfaces were oxidized by
UV/O;3 for 30 min using the UV TipCleaner (UV.TC.EU.003, Bioforce Nanoscience, Inc.
Ames, IA, USA).

4.4 Preparation of gold surfaces

Gold surfaces were prepared onto cleaned glass slides as the support by depositing
0.5 nm of chromium and 200 nm of gold using an evaporation chamber (minicoater,
Tectra GmbH, Frankfurt, Germany) while monitoring the thicknesses of deposited layers
with a quartz crystal microbalance (Tectra GmbH, Frankfurt, Germany). The gold

substrates were freshly prepared prior to each experiment and denoted as Au/glass.

4.5 Preparation of template stripped gold surfaces

The route to obtain ultra-flat TSG surfaces follows the strategy described in the diploma
thesis of Roefzaad.[*® Muscovite mica sheets (SPI Supplies, West Chester, PA, USA)
were cleaved using adhesive tape and placed in the evaporation chamber. Unless stated
otherwise, 100 nm thick gold layers were vapor-deposited onto the cleaved side of mica
sheets which were subsequently glued to glass slides. The cleaned glass substrates were
pretreated in piranha solution (2 volumes H,SO4: 1 volume 30% H,0,), thoroughly rinsed
with water and dried in an argon stream, finally stored for 1 h at 120 °C. Caution! This
mixture reacts violently with all organic materials. The solution has to be handled with
extreme care to avoid personnel injury and property damage. After cooling to room
temperature, the glass slides were glued on gold-coated mica und cured over night at 50°
C, loaded with a steel block of 300 g ensuring a good compression between both
substrates. Besides the recommended epoxy glue (Pattex Kraft-Mix, Henkel, Dusseldorf,

41



Experimental details

Germany) used in Ref.'®! an alternative adhesive (UHU Plus Endfest 300, Biihl
Germany) was used in this work. Both consist of two components (resin and hardener
mixed in a volume ratio of 1:1). The alternative glue gave a great advantage in handling
due to its longer processing time of 90 min and prevented the formation of dried lumps as
observed in case of the Pattex glue (processing time 10 min). The mica-gold-sandwich
can be kept for weeks under ambient conditions. To expose TSG surfaces, mica was

carefully stripped off in successive layers with adhesive tape.

4.6 Immobilization of nanoparticles

4.6.1 Langmuir-Blodgett assembly of iron oxide NPs on TSG

substrates

The LB technique was used in order to assemble OA-stabilized Fe;Os-NPs TSG
substrates. The measurement of surface pressure-area (n-A) isotherms and LB transfer
were carried out with an LB apparatus (KSV Instruments LTD, Helsinki, Finland) using
the KSV NIMA LB software (version 1.81). The liquid reservoir (the LB-trough - surface
area available for the surfactant: 228 cm?) and two moving Teflon barriers for monolayer
compression (Fig. 14) were made from Teflon in the university machine workshop.
Furthermore, the setup was equipped with an electrobalance that uses a Wilhelmy paper
plate as the surface pressure sensor. The trough and barriers were rinsed with water first
and ethanol afterwards, wiped with a chloroform-soaked Kim-wipe, and finally rinsed
with ethanol and then with water. For all experiments, the clean trough was filled with
water as the subphase. The water surface was cleaned by compressing the barriers to a
maximum and gentle suctioning with a Pasteur pipette connected to a water pump such
that the surface pressure remained below 0.2 mN m™ after moving barriers back to the
start position. Pure OA and OA-stabilized Fe;04-NPs (5 mg mL™ in toluene) were
dissolved in chloroform to different concentrations - also with additional OA - and
carefully dropped on the water subphase in appropriate volumes using a micro-syringe
(Hamilton, Bonaduz, Switzerland). Table 6 gives a detailed overview on all
concentrations of stock solutions and the spreading volumes (concentrations) used for LB

experiments. All solutions were ultrasonicated for 3 min prior to use. After the solvent
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was completely evaporated (~10 min for chloroform, ~20 min for toluene), the monolayer
at the air/water-interface was compressed at a barrier speed of 10 mm min™ and the n-A-
isotherm was recorded. During the transfer, the KSV NIMA LB software recorded

surface pressure [mN m™'] versus trough area [cm?].

barriers —

Figure 14. Homebuilt LB-trough (228 cm? made from Teflon and equipped with two moving

Teflon barriers for monolayer compression.

The LB transfer of NP-based Langmuir layer was enabled by pulling previously
immersed substrates through the monolayer formed at the air-water interface with a speed
rate of 5 mm min™ while keeping the surface pressure constant at selected values given in
Table 6 (transfer pressure). Upon transferring LB-films at 20 mN m™, a slight excess of
spreading amount was required since the barriers usually get in contact with the
Wilhelmy-paper during the transfer. This disturbs the electronic feedback system for
surface pressure control. All measurements were carried out inside a dust shield at room

temperature.

Table 6. Concentration of stock solutions and spreading volumes: (A) oleic acid stabilized Fe;O,-
NPs as supplied in toluene and (B) Fe;O,-NPs (solution in A) dissolved in chloroform with
additional OA. The right column shows the surface pressure used for transfer of NP layers onto

TSG or Au/glass substrates.

Exp. Abbreviation Concentration of Spreading volume Transfer
stock solution (concentration) pressure
pure OA 1.0-10° mg pL™ 20 pL (2.0-10% mg) -
B Fe;0,-NP + OA  NP: 1.0-10°mg uL™ 465 pL (NP: 4.5:10" mg 20mN m™*
OA: 1.0-10° mg pL™* + 0A: 1.5:107 mg)
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A previously measured arachidic acid isotherm shows a typical phase behavior as

known from Ref .18 187]

proving the reliability of the homebuilt LB-trough and the
absence of film leakage beneath the moving barriers. Figure 15 shows the dependence of
n-A isotherm of arachidic acid obtained at the air-water interface with a compression
speed of 10 mm min™. Three distinct regions show a) gas-like, b) liquid-like and c) solid-
like behavior. They can be associated with the molecular arrangement of the monolayer
in various phases as shown schematically in the Fig. 15. The collapse pressure m; IS

identified as the onset of multilayer or aggregate formation.
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Figure 15: 1r-A isotherm of arachidic acid obtained at the air-water interface with a compression
speed of 10 mm min™ and schematic illustration of the molecular arrangement of arachidic acid in

various phases.

4.6.2 Attachment of gold NPs to APTES-functionalized ITO
substrates

The silanization process on ITO introduced by Chen et al.[88 was slightly modified. ITO
substrates were cleaned in an ultrasonic bath (Bandelin Sonorex, Berlin, Germany) in
ethanol and water (each 5 min) and dried in an Ar stream. Clean ITO surfaces were
chemically pretreated in 1% NH;OH solution over 1 h at 80 °C. After rinsing with water
and drying in an Ar stream, the activated ITO electrodes were immersed in a solution of
1% APTES in dried toluene under Ar atmosphere. After treatment of 30 min, the

silanized surfaces (ITOapres) were rinsed with ethanol and water and dried under a
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stream of Ar. Based on SFM measurements, no differences in RMS roughness was

observed between bare ITO vs. ITOaptes (Fig. 16a, b).
30.0 nm 30.0 nm

15.0 nm 15.0 nm

0.0 nm

Figure 16. SFM topography images recorded in contact mode, with a MSCT tip (k = 0.6 N m™) of
a) bare ITO with 2 Hz and b) ITOaptes With 3.9 Hz (scan area: 5 um x 5 um).

Silane-modified 1TO slides were immersed in a colloidal solution of citrate-stabilized
AUNPs (30 nm diameter) for 24 h. The pH of this solution was adjusted to pH 5.0 with
0.1 M HCI solution and checked by a pH meter (Metrohnm 632, Herisau, Switzerland).
Previously, it was calibrated with two different commercial buffer solutions (pH 4.01 and
7.00, WTW, Weilheim, Germany). After immobilization of AuNPs, samples
(AUNP/ITOapTes) Were rinsed with water and dried in a Ar stream. Additionally, the
surface coverage of NPs on ITOaptes Was investigated after immobilization of AuNPs
during1 h,2hand 3 h.

4.7 Formation of thin matrices by electropolymerization of

phenol

Thin poly(phenol) (PPh) films were prepared on cleaned ITO, ITOaptes Or oOn
AUNP/ITOapres samples using the method described by Kang et al.l*®). The electrodepo-
sition was carried out by cyclic voltammetry in an aqueous solution containing 50 mM
phenol and 0.1 M NaH,PO,. The potential was cycled in the range from 0 V to 1.9 V vs.
Ag/AgCI at a sweep rate of 50 mV s, After 30 potential cycles, samples were rinsed
with water and dried in a slight Ar stream. These samples are denoted as PPh/ITO,

PPh/ITOaptes and PPh/AUNP/ITOaptes. Blank polymers without template AuNPs were
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used as control samples in order to estimate properties of the plain PPh layer. Under the
same conditions electropolymerization of phenol was performed on Au/glass electrodes,

while the potential was cycled in the range from 0 to 1.2 V vs. Ag/AgCl.

4.8 Preparation of thin iron oxide NP imprinted PDMS
composites

In order to prepare PDMS layers by spin-coating, the method of Lee and Voeroes [**

was followed. These experiments were performed under ambient conditions using the
KL-SCC-200 spin coater (L.O.T.-QuantumbDesign GmbH, Darmstadt, Germany), which
allows a vacuum hold-down of the substrates during spinning. The base and the curing
agent (10 weight parts + 3 weight parts) of the commercial silicon elastomer were

thoroughly mixed and dissolved in hexane with a total concentration of 0.5% (w/w).

The study was performed by spin-coating small amounts of PDMS containing
different proportions of iron oxide NPs on clean SiO; and ITO surfaces. For this purpose,
5, 25, 50 or 100 pL of OA-stabilized Fe;0,-NP (5 mg mL™ in toluene) were dispersed in
500 pl PDMS-hexane solution and sonicated over 3 min. A volume of 500 pl of this
mixture was deposited on the supporting surface (2.5 cm x 2.5 cm). This volume is
considerably larger than required for the film formation. The sample was initially rotated
for 3 sec at a slow rotation rate of 10 rps, then the rotation rate increased to 34 rps for 40
sec and finally slowed down to 10 rpm for 6 sec. The excess liquid was removed by this
process. The resulting composites designated as Cb5/glass, C25/glass, C50/glass,
C100/glass were cured at 60-70 °C overnight. For permeability tests of the composites, a
conductive support was required. Hence, Fe3O4-NP imprinted polymers generated on ITO
were used as analogues to the glass surfaces (C5/ITO, C25/ ITO, C50/ ITO, C100/ ITO).
Non-imprinted PDMS layers (PDMS/glass and PDMS/ITO) were prepared for control

measurements.
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4.9 Nanoparticle removal

4.9.1 Electrochemical removal of gold and silver NPs

Linear sweep voltammetry provides an electrochemical detection and quantification
scheme of template and analyte NPs. Electrochemical oxidation of AuUNPs was performed
in an aqueous 3 M KCI solution by scanning the potential linearly from 0 V to maximally
1.4 V at a sweep rate v = 10 mV s™. This creates voids at places where AuNP were
removed electrochemically. These are denoted as {}... Thus, the polymer films with
voids are denoted as PPh/{}c/ITOaptes. The detection of analyte AgNPs in PPh-based
matrices after reuptake experiments was performed in the potential range of about 0 V to
0.3 V at a scan rate of 50 mV st in aqueous 0.1 M NaNOj solution as described in

Ref.[*4 LSV scans were repeated until no further metal oxidation signal was observed.

The charge density for the removal of the template or the detection of the analyte
was calculated from the area of the oxidation peak from LSV measurements according to
Eqg. (20). The calculation considers the baseline as exemplified in Fig. 17.

12

10

11 A
(o]
1

T i T o T & T . T N T 3 T
0.0 0.2 04 0.6 0.8 1.0 1.2
E/V vs. Ag/AgCI (3 M NaCl)
Figure 17. LSV of AUuNP/ITOapres recorded in 3 M KCI with a scan rate of 10 mV s? upon
removal of template AUNPs. The diagonal black stripes represent the integration area of the peak

used for calculating the charge. The baseline is marked in grey.
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The charge was divided by the exposed area of the coated ITO electrode to obtain the
charge density. The electrode area was defined by mounting the NIP-coated ITO

electrode as the bottom of a cylindrical cell (Fig. 12) with an exposed area of 0.502 cm?.

4.9.2 Chemical removal of gold NPs

Alternatively, AuNPs were removed chemically by treatment in aerated aqueous 6 mM
KCN solution for 3 h giving PPh/{}; /ITOaptes and PDMS/{}/ITOaptes, {} Stands for
the assumed presence of nanovoids at the places where template AuUNPs were removed
chemically. After the chemical oxidation of template AuNPs, samples were extensively
rinsed with water and dried in a gentle Ar stream. The cyanide concentration was adopted
from Ref.'® however, the duration of the treatment was determined from the
AUNPs/ITOaptes Samples and then adapted to samples with a polymer matrix. In order to
prove the stability of ITO in KCN etching solution, a clean electrode was treated in the
same manner and subsequently tested using a redox active probe.

4.9.3 Chemical removal of iron oxide NPs

The chemical removal of OA-stabilized iron oxide NPs was performed overnight in a
aqueous 0.6 M ascorbic acid solution adjusted to pH 3 with HCI, similar to the procedure
used by Larsen et al.'!. After reductive dissolution of NPs, samples were rinsed with
water and dried in a slight Ar stream. ITO samples were used as conductive analogues to
the non-conductive glass surfaces in order to permit permeability test before and after

template removal.

4.9.4 Magnetical removal of iron oxide NPs

After LB-transfer of the NP layer on TSG, the sample was carefully immersed into a
beaker filled with deionized water. A strong magnet was placed in front of the container
wall in order to enable the magnetically triggered release of Fe304-NPs. After 30 min, the

sample was pulled out and dried in air and further characterized.
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4.10 Reuptake experiments

The recognition ability of PPh-based NIPs was tested by reuptake experiments. These
experiments were conducted using two different NP populations including citrate-
stabilized AgNPs with a diameter of 20 nm and citrate stabilized AuNPs with a diameter
of 50 nm. The uptake solution was prepared from a mixture of 20-nm AgNPs and 50-nm
AuUNPs with a particle ratio of 1:1. For the uptake of analyte NPs, the NIP-coated
electrodes were dipped in a NP solution over 15 h. Afterwards, the samples were
carefully rinsed with water in order to remove all physically adsorbed NPs. The presence
of analyte NPs was verified by LSV in the same way as used for the release of the
template NPs (detailed above). As control samples untreated ITO as well as non-
imprinted polymer films were exposed to NP solutions and tested in the same manner

afterwards.

4.11 Permeability test

The permeability of polymer films for redox active electrolyte components before and
after removal of template NPs was assessed by cyclic voltammetry in aqueous 1.0 mM
[Ru(NH3)]Cl; + 0.1 M KCI by potential cycling in the range from 0.2 V to -0.5 V at a
sweep rate of 100 mV s™*. Further points of reference were obtained from permeability
tests on bare ITO (before and after KCN treatment), on AUNP/ITOapres and on blank
PPh films on ITO (before and after KCN treatment). The same procedure was also
applied in complementary studies on bare Au/glass electrodes as well as after generating
a PPh layer on it.

49



One step deposition of composites of polymer matrix and nanoobjects

5. One step deposition of composites of polymer

matrix and nanoobjects

The following chapter describes “one step” fabrication processes of nanocomposites.
Overall, this includes promising techniques, such as spin-coating and two different
Langmuir-Blodgett approaches for the formation of NIPs to be used as sensing materials
for NPs. In our cooperation with the group of Prof. Dr. Daniel Mandler from the Hebrew
University in Israel we published a new concept based on NIPs combined with
electrochemical detection in Angewandte Chemie International Edition.** The
translation of this paper for the German version in Angewandte Chemie was prepared by
me. The new sensor principle was first demonstrated with a poly(aniline) (PANI) film
transferred simultaneously with template AuNPs by the LB technique (Chapter 5.4). My
own contribution to this work was the characterization of NIPs by SFM and XPS. Using
the LB technique it was additionally possible to publish an expanded scope of matrix
fabrication by the formation of monomeric building blocks consisting of OA and OA-
stabilized iron oxide nanoparticles (Chapter 5.3).1*% The entire experimental work was
done by me, as well the preparation of the draft, which was checked by the coauthors.
However, the chapter starts with the discussion of a NIP-related model, which is
synthesized by microelectrospotting and known as a molecularly imprinted polymer for
protein-selective recognition (Chapter 5.1). This project was conducted in cooperation
with the group of Prof. Dr. Frieder Scheller from the Fraunhofer Institute 1ZI-BB in
Potsdam, Germany. My contribution was the characterization of the materials by SFM.

The work lead to a joint publication.[**®!

5.1 Deposition and selective dissolution of protein-polymer

composites

Microelectrospotting was introduced by Scheller’s group as a new approach for the
preparation of protein-selective MIP microarrays on bare gold SPR imaging chips.'*®
Different from NIPs, MIPs usually consist of a 3D polymer net-work structure and are

formed in the presence of a template (imprinted) molecule. However, in this research,
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MIPs were prepared as thin film coatings with a thickness similar to the size of the used
template. Thus their architecture is similar to that of NIPs. For the preparation of MIPs
the spotting pin encloses a monomer-protein mixture that upon contacting the gold
surface is in situ electropolymerized resulting in an electrically insultaing surface-
imprinted film. These polymer films were made with scopoletin as the monomer and
ferritin as a large protein template. Scopoletin was chosen as a monomer because the film
thickness can be controlled with ca. 1 nm precision,™"! which is necessary in order to
incorporate as much of the template as possible without irreversibly entrapping it.
Proteins as large template molecules are rich in functionalities and are expected to
provide MIP with higher binding affinities than those obtained by imprinting small
molecular weight compounds. The removal and rebinding experiments of ferritin were
controlled in a label-free manner by SPR imaging. Treating electrospotted polymer films
with 5 mM NaOH resulted in the removal of the template molecules from the film due to
hydrolysis. This was detected as a decrease of the SPR signal. When rebinding
experiments were performed at higher ionic strengths established by adding NaCl to the
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, a pronounced
increase in the SPR signal was observed, corresponding to the binding of ferritin target
molecules to the MIP. The shielding effect of NaCl describes the attraction between the
negatively charged poly(scopoletin) matrix and ferritin template. The highest ratio of
ferritin bound on the MIP versus the non-imprinted polymer film was obtained at 300
mM NaCl concentration while the suppression of the electrostatic repulsion was found by
SPR measurements to be already sufficient at 150 mM NaCl. As a control, non-imprinted
polymer films were prepared under the same conditions as the ferritin-MIPs but without
ferritin in the monomer solution. Applying the procedures of removal and rebinding to
non-imprinted polymer films show neglible effects during SPR imaging, which

confirmed the reuptake ability of MIPs.

For SFM measurements the MIP was deposited on flat gold disk electrodes using
the same pulse regime as for their preparation on SPR chips. The MIPs were incubated in
5 mM NaOH for 20 min to remove the template. Rebinding of the target was performed
by incubating the MIP-covered electrode in 10 mM HEPES (pH 7.4) containing 150 mM
NaCl and 500 nM ferritin for 30 min. Figure 18 shows SFM images of non-imprinted

poly(scopoletin) as well as ferritin-imprinted poly(scopoletin) right after preparation, and
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after removal and rebinding of the ferritin template. The morphology seen for the non-
imprinted polymer (Fig. 18a) is that of the underlying polycrystalline Au substrate on
which electropolymerization of scopoletin forms a conformal film of 6 nm thickness
(Table 7).

a) non-imprinted

Figure 18. SFM topography images (scan area: 1 um x 1 um + enlarged subsection) recorded in
intermittent mode with a resolution of 256 x 256 pixels of a) non-imprinted poly(scopoletin),
b) poly(scopoletin) imprinted with ferritin, c) ferritin-imprinted poly(scopoletin) after removal of
ferritin by 5 mM NaOH for 20 min; d) sample c) after template-rebinding from a 500 nM ferritin
solution for 30 min using a NCHV-A SFM tip (k = 42 N m™).
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Table 7. Film thickness (Appendix, Fig. Al), roughness values (RMS, determined for
1 um x 1 um) and height (Appendix, Fig. A2) of typical structures for different poly(scopoletin)
films. The relevant SFM measurements are provided in the Appendix of this thesis (Appendix,
Fig. AL, 2).

Sample Thickness RMS Roughness Object heights
[nm] [nm] [nm]
a) non-imprinted poly(scopoletin) 6.0 1.63 5.6, 3.6,4.3
b) ferritin-imprinted poly(scopoletin) (MIP) 18.1 3.88 13.7,15.4,8.7
c) sample b) after removal of ferritin 9.3 1.78 7.5,3.6,55
d) sample c) after reuptake of ferritin 9.7 3.52 11.9,16.8,9.8

If the poly(scopoletin) film is prepared in presence of ferritin, a completely
different film morphology is obtained (Fig. 18b). Elevated structures are clearly visible in
the SFM image and the representative objects have dimensions similar to ferritin (Table
7). The layer thickness is about 12 nm higher than that of the non-imprinted polymer
layer. Given the experimentally determined hydrodynamic radius of 8.7 nm for ferritin,
this suggests that only a part of the ferritin molecule is embedded in the polymer layer.
This tentative assignment of the elevated structures to ferritin molecules (or clusters of
them) is confirmed by the SFM image after removal of ferritin in 5 mM NaOH for 20 min
which leads to a film morphology that is similar to that of the non-imprinted film (Fig.
18c). Also the film thickness (Table 7) decreases substantially indicating that ferritin
molecules are only partially embedded in the poly(scopoletin) matrix and as such can be
released into the solution. Some depressions are visible and might originate from shallow
voids in the film. Given the convolution of surface morphology with the SFM tip shape,
this assignment cannot be further substantiated. After exposure of the sample to a 500 nM
ferritin solution for 30 min, a surface morphology similar to the original MIP is observed
(Fig. 18d), although the average film thickness increases only slightly (Table 7).
However, the sizes of representative objects is again in the range of ferritin molecules
(Table 7). The number of elevated objects seems to be smaller than in Fig. 18b which
explains the lower average film thickness in comparison to the original MIP. The
observed lower ferritin rebinding is reasonable because at 500 nM solution concentration
during the reuptake only half of the saturation is reached as confirmed by SPR

measurements.[**®! Therefore, it is unlikely that each binding site is reoccupied.
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From SPR imaging it was not possible to distinguish between target proteins
inside the remaining cavities of the matrix or protein molecules on the top of the film.
However, it was clearly shown that shielding of charges has an important impact on the
reuptake efficiency of MIPs. When binding experiments were performed at a higher ionic
strength (established by adding NaCl to the HEPES buffer) the electrostatic repulsion
between the protein and the poly(scopoletin) layer decreases. This was confirmed by a
pronounced increase of the SPR signal until reaching the steady state. On the contrary,
binding of ferritin was not observed in pH 7.4 HEPES buffer due to a negligible SPR
signal change associated with high electrostatic repulsion at low ionic strength. This
result can be directly transferred to NIP-systems, because shielding of surface charges
can change interaction between analyte NPs and the polymer matrix in a controlled way.
Furthermore, it was evident, that with the change of the pH, proteins can be easily
manipulated and removed by hydrolysis and washing procedures. This knowledge can be

useful if NIPs are formed of protein-coated or polymeric NPs.

Furthermore, imaging of small cavities (~ 8.7 nm) via SFM turns out to be rather
difficult due to the appearance of convolution effects (Chapter 2.1.1). In spite of that,
changes in the topography could be detected by obtaining the RMS surface roughness
(Table 7). However, if these values are to be meaningful, reference measurements are
required which provide reproducible information about the individual surface
characteristics. These are time-consuming experiments and a reason why SFM is not

recommended as routine method for detection of cavities.

5.2 Spin coating of composites of iron oxide NPs and PDMS

The initial approach for NIP fabrication is focused on the generation of a PDMS-matrix
imprinted by OA-stabilized Fe;0,-NPs with a mean diameter of 10 nm (details of
chemicals can be found in Chapter 4.8). Spin coating was used to form thin layers from a
mixture of NPs and PDMS on flat glass and ITO substrates. A small amount of coating
material is applied on the substrate, which is subsequently rotated at an appropriate speed
in order to spread the coating material by centrifugal force until the desired thickness of

the film is achieved. The applied solvent is usually volatile, and simultaneously
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evaporates.l’®® The thickness depends on several factors like spinning speed and the
duration, viscosity and concentration of both solution and solvent as well as on the

ambient temperature or the substrate temperature.[*% 2%

Poly(dimethylsiloxane) is a commonly used silicon-based organic polymer. Due
to its flexibility, optical transparency and bio-compatibility, it has become a preferred
choice for components of microfluidic devices,”**?®! membrane devices?® and optical
waveguides.””® In many of these applications spin-coating enables the formation of thin
PDMS films, which was one deciding point to use the elastomer for NIP fabrication. The
major intention was to achieve a good distribution of Fe3;04-NP inside a PDMS-matrix
which has at best a thickness less than the diameter of the NP template (< 10 nm, Fig.
19a). In this manner, the particles remain accessible to the ascorbic acid solution used for
chemical removal of the templates. After removal (Fig. 19b), the cavities are meant to
provide a sufficient area to interact with analyte particles.

analyte —

NP |
Fe,0,-NP / nano cavity

chemically l
MOgeredTIRAe s

Figure 19. Schematic representation of a) the 2D composite consisting of Fe;0,-NPs and PDMS,

and b) the remaining PDMS matrix after chemically triggered release of the Fe;04-NPs.

The study was performed by spin-coating small amounts of PDMS (prepared in
hexane, see section 4.8) containing different proportions of iron oxide NPs on SiO, and
ITO surfaces. The samples were named depending on the amount of NPs added to the
spin-coating solution and the nature of the substrate (C5, C25, C50, C100/substrate, C =
composite, number = particle amount in pl, substrate = glass, ITO). SFM investigations
of non-imprinted PDMS-layers on glass revealed a smooth surface morphology (RMS =
1.84 nm for PDMS/glass) and a layer thickness that varied depending on the prepared
sample batch between 7-12 nm (Fig. 20a). This is in disagreement with ellipsometric
thickness measurements made by Lee and Voeroes™*” of PDMS-films (~30 nm) prepared

using similar conditions.
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Figure 20. SFM topography images recorded in the contact mode with a MSCT SFM tip (k = 0.6
N m'l) at a scan rate of 2.0-3.0 Hz with 256 x 256 pixels (scan area: 5 um x 5 um). The surface
roughness (or aggregate formation) increases concomitantly to the amount of particles within a
PDMS film: a) PDMS/glass, b) C5/glass (+ extracted cross section where NP 1 protrudes the
polymer film by 5.2 nm, NP 2 by 6.6 nm and NP 3 identifies a NP with 11.6 nm located on the top
of matrix), c) C25/glass, d) C50/glass, e) C100/glass.

The difference in film thickness may be related to the method used for its
determination, but might also be affected by even the smallest change in the conditions
(total concentration, ratio of base and curing agent, ambient temperature). To exclude, or

at least reduce, concentration and ambient temperature effects, experiments were usually
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conducted within one sample batch prepared from one PDMS-solution during a short
time of ~1-2 h. In the presence of FezO4-templates, thinner layers of about 5-8 nm were
achieved. This thickness change can be attributed to a reduced viscosity of the polymer-
solution which might be caused by free OA-ligands originating from the NP solution.
Figure 20b shows the SFM topography image of a C5-composite surface. This represents
an appropriate final NP concentration as the particles (diameter ~10 nm) are well
distributed and embedded at different depths into the PDMS matrix. The corresponding
cross section is represented below, where NP 1 protrudes the polymer film by 5.2 nm, NP
2 by 6.6 nm and NP 3 identifies a NP with 11.6 nm located on the top of matrix.
Occasionally, some aggregation is noticeable along the scan lines. Increasing particle
concentration favors the formation of aggregates (monitored using SFM, Fig. 20c-e for
C50/glass and C100/glass). This is probably caused by an overload of the polymer film

with magnetic iron oxide particles, which in addition strongly attract each other.

UV-vis spectra of template NPs within a PDMS matrix show an enhancement in
the absorption upon an increase in particle amount (Fig. 21, curves 1-4). The spectral
profiles depicted in Fig. 21 are similar to investigations of Fe;O4 nanocrystals dispersed
in hexane and in LB-multilayer assemblies as conducted by Zhang et al.[2°®!.
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Figure 21. UV-Vis observations of FesO4-NPs imprinted PDMS-matrices showing a continuous
increase in absorption caused by an increase of template concentration: 1) C5/glass, 2)
C25/glass, 3) C50/glass and 4) C100/glass. The discontinuity at 450 nm is an artefact which
corresponds to an instrumental artifact due to the change between the deuterium and halogen
lamps of the SPEKOL 2000 spectrometer.

In order to enable electrochemical investigations of the NIPs, a conductive
support was required. Hence, non-imprinted and Fe3O4-NP-imprinted PDMS layers
generated on ITO were used as analogues to the glass surfaces. Cyclic voltammetry
measurements of the redoxactive probe [Ru(NHs)s]** were performed to assess the
permeability of PDMS-based layers. Figure 22a shows the CVs of bare ITO, PDMS/ITO,
C5/ITO, C25/ITO, C50/ITO and C100/ITO in 1.0 mM [Ru(NHs)e]Cl; + 0.1 M KCI. The
response on bare 1TO shows a well-developed quasi-reversible CV for [Ru(NHsz)g]*"%*
(Fig. 22a, dashed curve). The CV after spin-coating a non-imprinted PDMS-film on the
ITO surface is typical for a blocking layer that permits small residual currents only (Fig.
22a, black curve for PDMS/ITO). A slight increase in the anodic current response is
observed with the increase of particle concentration (Fig. 22b, enlarged scale of CVs at
PDMS/ITO in comparison to C5/ITO, C25/ITO, C50/ITO and C100/1TO), which might
have two different reasons. Firstly, magnetite (FesO,) is one of the preferred well known
filler materials, which can enhance the effective electrical conductivity in organic
polymers/nanocomposites.’?” 281 Semiconducting properties of Fe;O, are related to its

cubic inverse spinel structure with fcc close packed oxygen anions and Fe cations
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occupying the interstitial A and B sites.”® While A sites are tetrahedrally coordinated to
oxygen and occupied only by Fe** ions, B sites are octahedrally coordinated to oxygen
and occupied by an equal number of Fe 2 and Fe®" ions as represented with the formula:
(Feg®")a[Fesos™" Feg]sOs. Electron hopping between mixed valences of Fe ions in the
octahedral sites is responsible for relatively high electric conductivity of Fe;O, above
T, = 125 K, the point of Verwey order-disorder phase transition,'**! rendering magnetite

an important class of half-metallic materials.!*!
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Figure 22. CVs recorded in 1 mM [Ru(NH3)s]Cl; + 0.1 M KCl at a scan rate of 0.1 V s™ at a) bare
ITO, C5/ITO, C25/ITO, C50/ITO, C100/ITO and b) the enlarged scale of CVs at PDMS/ITO,
C5/ITO, C25/ITO, C50/ITO, C100/ITO.

The second reason for the slight increase in the anodic current response of
[Ru(NH3)s]*""#* might be associated with the loss in stability and cross-linked density of
PDMS composites with addition of OA-stabilized iron oxide NPs. An indication of that
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issue is given by force-distance curves recorded during SFM-imaging in contact mode
(Fig. 23).
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Figure 23. Force-distance plots measured with a MSCT SFM tip (k = 0.6 N m™) during imaging in
contact mode representing in a) the approach (+ enlarged view) and in b) the retraction of the
cantilever on bare ITO, PDMS/ITO, C5/ITO, C25/ITO, C50/ITO and C100/ITO.

The force plot obtained at PDMS/ITO (Fig. 23a, dotted black curve) shows an
extended area of negative tip deflection after the SFM tip has jumped in contact
indicating attractive forces, which are different to force-distance curves measured on bare
ITO where no snap-in is observed due to repulsive interaction between the tip and ITO
(Fig. 23a, black curve). The attractive force increases with the amount of OA-stabilized
Fe304-NPs, and is most likely caused by the formation of a capillary meniscus as the tip
approaches the sample surface and penetrates into the polymeric matrix. A continuous
pull out during retracting of the SFM tip indicate capillary adhesion between the SFM tip

and the PDMS surface as well, whereas an abrupt pull-off is observed at bare ITO (Fig.
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23b). In general, any surface exposed to ambient conditions show a strong adhesion force
induced by adsorbed water molecules at the interface of the tip and the sample.l**? As the
surface of PDMS is inherently hydrophobic, meaning that water cannot easily penetrate
its surface, the capillary adhesion might involve polymer-melt forces rather than
condensed water. Butt and coworkers!?*® 24 showed that such attractive force occurs in
short-chain PDMS polymer melts with a low molecular weight when the SFM tip
approaches the sample and polymer segments are able to move out of the closing gap and
equilibrate with the bulk reservoir. Long-chain PDMS melts with a high molecular
weight are more entangled and form an immobilized layer, in which individual chains are
prevented from leaving the closing gap and thus creating a repulsive force on the tip. The
forces measured on PDMS-coated samples show a greater range of interaction than dried
ITO samples due to the presence of a liquid-like polymer layer. An incomplete
polymerization creates a lack of stability and makes composites more susceptible to tip
penetration. Material abrasion was often observed during imaging when using a truncated
SFM tip as the magnitude of adhesive forces increases with the radius of the tip apex.[™!
A large penetration depth may also induce artifacts to height measurements, which might

explain the variation in composite thickness measured by SFM.

Equal to PDMS-based films prepared on glass substrates, the SFM images
recorded of spin-coated polymer layers at bare ITO show a continuous and smooth
topography with thicknesses varying between 5.9-18.1 nm. Figure 24 shows the surface
structure of a 17.2 nm thick PDMS-layer (Fig. 24a), while at less than 10 nm thickness
(Fig. 24b) the ITO surface structure is noticeable to some extent. Due to the rough
structure of ITO (RMS = 3.2 nm) compared to the glass surface (RMS = 1.46 nm), it was
impossible to distinguish clearly between template NPs and the polymeric matrix (Fig.

24c, SFM-images of the C25/ITO surface and the corresponding cross section).
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Figure 24. SFM topography images recorded in contact mode using a MSCT SFM tip
(k=0.6 N m'l) at a scan rate of 2 Hz with 256 x 256 pixels (scan area: 5 um x 5 um), showing the
topography of PDMS-films (PDMS/ITO) with a thickness of a) 17.2 nm and b) 8.6 nm and of the c)

C5/ITO composite surface (+ extracted cross section).

However, from SFM investigations of composites prepared on glass substrates it
was obvious that the C5-composite (Fig. 20b) most closely matches the schematic
representation of the desired NIP architecture (Fig. 19, left). Furthermore, force
measurements by SFM indicate that a less stable matrix is formed upon an increase of NP
concentration. Thus, the chemically triggered release of templates was conducted with
C5/glass and C5/ITO samples. In order to release Fe3O4-NPs by a reductive dissolution,
the samples were treated for 24 h in an aqueous 0.6 M ascorbic acid solution adjusted to
pH 3 with HCI. Fe;O4 is a mixed oxide that can be considered stoichiometrically as a

“mixture” of Fe,O3 and FeO. It reacts with HCI as follows:
Fe;O, + HCI — FeCl, + FeCl; + H,O (16)

In order to determine the concentration of released iron ions, ascorbic acid (CgHgOg) is
employed as a reducing agent for Fe**. This reaction has been studied in detail by Larsen
et al.**®! and Echigo et al.**®!. For determination of Fe®* the fluorescent iron-binding dye
ferrozine can be used, which forms a red-colored ferrozine-iron-complex selectively.?"]
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In this assay the concentration of released iron was too low to be verified in that manner.
The iron concentration that is expected if all imprinted NPs had been resolved was
estimated from the volume (Vresos = 1.6x10™° cm?®) and density (presos = 5 g cm™) of one
NP (average diameter: rye =5 nm, molar mass: Mresos = 231.5 g mol™) according to the
calculations in (21-23). The total number of NPs (/e = 4.0x10° cm™) inside the PDMS
matrix was determined from counting NP densities in SFM images (Fig. 20b, C5/glass).
Based on this approximation, the iron concentration would be about 0.003 pM, which
cannot be detected using the colorimetric method as the detection limit of this technique
requires a least an iron concentration of 0.4 uM.?*®! However, a control experiment with
a highly concentrated NP solution yielded a solution of 0.6 M in dissolved iron species

and showed the formation of a redly fluorescent ferrozine-iron complex.

Subsequent UV-vis measurements of the imprinted PDMS films did not show
changes of absorption intensities and hence did not allow a detection of removal, most
likely because only a small fraction of the template was actually removed. Pulsed-force
microscopy images confirmed that many templates were still located within the PDMS
matrix, but allow the detection of some remaining nano cavities (Fig. 25). The section
analysis reveals depth profiles of 6.4 nm and less (Fig. 25, corresponding cross section),
which is approximately the size of the used NPs. Despite this successful example, the
detection of NP templates as well as remaining cavities by SFM was a challenging task.
From SFM images it was difficult to distinguish between small particles/cavities
(~ 10 nm) and background features of the polymer. Likewise, high resolution SEM
images of NIPs remained unsuccessful because the blocking properties of the composites

cause charge accumulations during measurements.
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Figure 25. SFM topography images (scan area: 5 um x 5 um) recorded in pulsed-force using a
NFESPA SFM tip (3 Nm™) at a scan rate of 0.5 Hz (256 x 256 pixels) of composites after

removal of Fes0,4-NPs in ascorbic acid and the corresponding cross section.

Better insight was possible by monitoring changes in the electrode response of
[Ru(NH3)s]** as redox probe before and after the template removal. Cyclic
voltammogramms obtained after template removal show an increase in the anodic current
response (Fig. 26a, grey curve). This requires the NP template to be within nanometer
distance to the supporting surface in order to assure that a templated void traverses
though the entire PDMS film. These cavities can be considered as randomly arranged
microelectrodes (RAM).**] Based on the steady-state diffusion-limited current, it is

possible to estimate the number of open cavities at the electrode surface.
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Figure 26. a) CVs recorded at C5/ITO in 1 mM [Ru(NHs)g]Cl; + 0.1 M KCI at a scan rate of 0.1
Vs show the permeability before (black curve) and after (grey curve) template removal, b)
schematic illustration of the PDMS-matrix after template removal, in which remaining nanovoids

are considered as randomly arranged microelectrodes.
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Equation (17) gives the total current density of an array of recessed nanoelectrodes,
where n, = 1 is the number of transferred electrons, D = 9.1.10° cm? s is the diffusion
coefficient’®®” and c¢*=1.0-10° mol cm™ the concentration of [Ru(NH3)s]***. The
number of NPs /np was determined from counting NP densities in SFM images.
However, this value might be very imprecise, due to the low resolution of microscopic
images. Given the film thickness = from SFM experiments (Appendix, Fig. C1) and the
estimation of the active area of an individual inlaid nanoelectrode rgam = 1.0-107 cm, it is
possible to estimate the diffusion limited steady-state current that is expected if all NPs
had been resolved and would leave an electrochemically active nanovoid imprinted into
the film.

; 1
JRAM,expected = FNP T 4”2 FDc* Meam

X

= 4.O~109cm‘2~E -4.1-96485 Asmol™- 9.1-:10 °cms*-
X (17)

1.0-10°molcm™-1.0-10 "cm
14107
X

Acm™

The ratio y between the diffusion-limited currents at an inlaid nanoelectrode iy and a

recessed nanoelectrode iram Of the same radius is given by Eq. (18).1*

47 i
7=1+ =L
7T Team  Tram

4-8-10"cm
_I_—
7-1-10"¢cm

(18)

=1 =112

- -5 -2
A= o 009 = T2 IOACM 4000 5704 (19)

jRAM,expected/X 1.3 ‘10_4A cm

Due to the spherical shape of the template, the active area (rram =1 nm) is supposed to
be much smaller than the real diameter (rram =10 nm) of one NP (Fig. 26b). This
expected current jramexpected 1S COMpared to the experimentally measured current jp (Fig.
8a). Under this assumption about 57 % of the cavities are open and behave like recessed

nanoelectrodes (Eq. 19). This calculation is considerably simplified, but it gives the order
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of magnitude and confirms either an incomplete removal of templates (Fig. 27b, 1) or
indicates that there is only in exceptional cases a direct contact between the template and

the sample surface (Fig. 27b, processes 2 and 3).

a) Fe,0,-NP PDMS b)

.
. /. chemically ( ?/3:
: 2
triggered release

Figure 27. Schematic illustration of a Fe;O,-NP thin film PDMS composite a) before and b) after
template removal. Part b) shows (1) a non-dissolved NP covered by a thin PDMS layer, (2) a
formed cavity where the template was in a direct contact with the electrode surface and (3) the

template was separated from the surface by a thin PDMS film.

In this study, the spin-coating technique provides the formation of Fe304-NP thin
film composites. To the best of my knowledge, this is the thinnest PDMS layer so far
constructed and characterized by spin-coating. However, PDMS hardly offers any
possibilities to introduce specific interactions for NPs. Furthermore, there was no suitable
characterization method available to detect analyte NPs in the film. Therefore, no
reuptake studies have been undertaken and this particular system was not further
considered. As an attractive alternative to PDMS, poly(ethylenimine) offers the
opportunity to introduce certain chemical groups capable of forming selective polymer-
mediated interactions.[???®) However, it needs to be characterized in terms of the layer
thickness or morphology before it can be classified as suitable for the preparation of
NIPs.

5.3 System with iron oxide nanoparticles and oleic acid

In the next approach the scope of matrix fabrication was expanded by the use of
monomeric building blocks, namely OA and OA-stabilized iron oxide nanoparticles
(Fe304-NPs) with an average diameter of 10 nm. Oleic acid is a monounsaturated fatty
acid that is the most widely distributed and abundant fatty acid found in nature.’?? For
the formation of 2D nanocomposites, the NPs and the OA molecules were arranged as a
monolayer at the air-water interface and then transferred to a TSG electrode by LB
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transfer. Oleic acid works as a diluent in between the NP templates with an average
diameter of ~10 nm. Their release was triggered by an external magnetic field instead of
chemical dissolution in Chapter 4.9.4. In contrast to chemical dissolution, magnetic
release leaves the NP intact so that it can be used for a controlled transfer of NPs. As
Fe;04-NPs are increasingly used in catalysis®®! and bio-applications including various
labeling and separation techniques,?® drug delivery systems and magnetic resonance
imaging,’??"! there is an increasing need to manipulate them by external triggers. This
may be used for controlling their mobility and eventually their position, for instance, for

target specific locations in vivo or to detect NPs in assays selectively based on their size,

k\} :

NS oleic acid matrix

_—
magnetically = — A -

TSG triggered release

shell and core material.

Figure 28. Schematic representation of the 2D composite consisting of FesO4-NP and a LB-

monolayer of oleic acid (left) and the magnetically triggered release of the Fe;0,4-NP (right).

An appealing approach for making a monolayer film of NPs is the LB technique,
in which nanoobjects can be incorporated into monolayers made of amphiphiles.!?22%
Figure 29, curve 1 shows the Langmuir isotherm during the compression of a mixture of
OA and Fe304-NPs. The isotherm for pure OA is given for comparison in Fig. 29,
curve 2. The isotherm of the mixture was obtained after several optimization rounds. It
shows a collapse pressure of 32 mN m™ and produces continuous curves with a large
plateau region at small molecular areas. In contrast, isotherms of pure OA molecules
show a steeper slope and the collapse of the monolayer at 27-30 mN m™. Emphasis was
put on the aim to record LB isotherms showing the gas-like phase as well as the collapse
point of the monolayer. This requires careful optimization. Due to the brush-like shape of
the used NPs the area per molecule can be compressed so far until the barriers are at the
limit, without reaching a collapse. If the amount of NPs is increased, the isotherm does

not start from the zero line, but achieve the point of collapse.
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Figure 29. Langmuir isotherm of (1) a mixture of Fe;0,-NPs and OA and of (2) pure OA recorded
with 10 mm min™.

Initial attempts to use lower volumes of the same or higher concentrated NP stock
solution (without addition of pure OA) did not give reproducible results, presumably
because the Fe3;04-NPs already agglomerated during application of the stock solution to
the air-water interface. This became evident by irreproducible collapse pressures well
below the collapse pressure of an OA monolayer of 27 to 30 mN m*243 21 jn Fig. 29,
curve 2. In addition, after an initial closing and opening of the barriers of the LB trough,
further compressions showed a much steeper rise of surface pressure and a much larger
extended region of gas-like behavior most likely because the 2D aggregates of Fe;04-NP
formed during the first compression did not disperse during the re-opening of the barriers.
The isotherms in Fig. 29 were not normalized to the area per molecule since this quantity
is not reasonable for a mixture of NP and OA. In addition, the Fe3O4-NP preparation did
contain an unspecified excess of unbound OA. The optimized mixture of OA and

Fe304-NPs allowed reproducible LB transfers at 25 mN m?.

The arrangement of the NPs within the matrix and their triggered release was
characterized by SFM and PM IRRAS. The PM IRRAS spectrum obtained for the LB-
layer in Fig. 30 shows the absorption bands of the symmetric and asymmetric CH3- and
CHy-stretching vibrations of OA (for assignment of vibrations, see Tab. 8). The

unsaturated groups of oleic acid are potentially important as polymerizable groups. On
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the other hand, the double bond introduces disordering of the hydrocarbon chains.*! The
weak band at 3005 cm™ of the C-H stretching vibration in C=C-H cis-double bond was
not observed in the LB films (Fig. 30a). This is most likely due to a low surface
concentration of oleic acid molecules and the unfavorable orientation of the bond with
respect to the surface normal. The vibration was observed as a weak signal in
isotropically arranged films of OA obtained by drop-casting OA on a TSG substrate (Fig.
30Db).
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Figure 30. PM IRRA spectra in the CH stretching region of a) the LB-layer formed by Fe;04-NPs
and OA, b) isotropically arranged thin film of OA on TSG.

Table 8. Assignment of symmetric and asymmetric CHz- and CH, stretching vibrations of OA.

LB-layer Free oleic acid . o
L L Assignment Description
wavenumber [cm™] wavenumber [cm™]
2960 2955 Vas(CHs) asymmetric C-H stretch
2929 2930 vas(CH>) asymmetric C-H stretch
2877 2872 vs(CH,) symmetric C-H stretch
2859 2857 vs(CH,) symmetric C-H stretch
- 3005 (=C-H) C-H stretch

Figure 31a shows the topography SFM image of the unmodified TSG surface with

a root mean square roughness of 0.7 nm within 1 um x 1 um. The largest structures are 3

nm high (Fig. 31b, section analysis). In LB layers of OA with Fe3O4-NPs, aggregation of

NP were observed (Fig. 31c) even when the LB isotherms and transfer data seem to

indicate a well-reproducible transfer. The NP can easily be distinguished from the smooth
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background. Although most of the particles were indeed present in a monolayer, a section
analysis shows that a few particles were located on top of the first monolayer (Fig. 31d).
NPs have been embedded into thin films by diverse methods such as
electrodeposition, 22 23 spin-123* 21 and dip-coating,’ and layer-by-layer®" 2 and
vacuum deposition.[=% Nevertheless, it is still not possible to generate highly ordered and
close-packed homogeneous Fe;O4,-NP monolayers as the particles tend to agglomerate
due to their strong magnetic interaction. Typically, the area where NPs were arranged in a

monolayer was smaller than 5 pum x5 um. Such behavior has also been reported in
Ref [240. 241]
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Figure 31. SFM topography images (scan size: 1 um x 1 um) recorded in the intermittent mode at
a scan rate of 0.8 Hz with Tap300-G tip (k = 40 N m™) at a) an unmodified TSG substrate and c)
TSG after assembling the LB-layer of Fes0,-NPs and additional OA. The corresponding section

analysis of both samples is given below the corresponding images in b) and d).

After LB-transfer of the NP layer on TSG, the sample was carefully immersed
into a beaker filled with deionized water. A strong magnet (W-12-N, Supermagnete,
Germany) placed in front of the container wall enabled the magnetically triggered release
of Fe304-NPs. Figure 32a shows an SFM image after magnetically triggered release of
the Fe3O4-NPs from the OA matrix. Except a few particles in the middle of the image

frame, the particles had been removed. PM IRRA spectra in Fig. 32 indicate that the OA
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matrix remains on the surface after Fe;04,-NP removal (for assignment of vibrations, see
Tab. 9).
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Figure 32. a) SFM topography image (scan area: 1 um x 1 um) recorded in intermittent mode at a
scan rate of 0.8 Hz with a Tap300-G (k=40 N m™) and b) PM IRRA spectrum in the CH

stretching region of the LB-layer after magnetically triggered release of Fe;O4-NPs.

Table 9. Assignment of symmetric and asymmetric CHs- and CH,- stretching vibrations of OA

(LB-layer after removal of Fe;04-NPs).

Wavenumber [cm™] Assignment Description
2964 vas(CH3) asymmetric C-H stretch
2927 vas(CHy) asymmetric C-H stretch
2878 vs(CHs) symmetric C-H stretch
2857 vs(CH,) symmetric C-H stretch

However, attempts for reuptake failed. It was assumed that the lateral mobility
and flexibility of oleic acid molecules in the matrix reduces the specificity of imprinted
cavities and that this system suffers from the lack of a stable matrix after template
removal. Irradiation with low intensity UV light (~185 nm[®*?) should initiate cross-
linking to OA molecules, which might lead to the formation of a more stable matrix. The
available UV light in this study had a higher wavelength (365.4 nm) and therefore did not
achieve the expected effect. Furthermore, the detection of iron oxide NPs in monolayer
amounts turned out to be more difficult than expected at least with simple
instrumentation. XPS was not promising for particle detection as it was not possible to
distinguish between NPs inside cavities and on the surface of the films. Much effort was
also put into attempts to create Fe;04-NPs with different ligands in order to prevent NP
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agglomeration. However, ligand exchange procedures were poorly reproducible and
difficult to characterize, hence experiments were performed with well-defined batches of

NP as a template and analytes.

It was shown that LB films of magnetic Fe;04-NP can be successfully transferred
to TSG substrates. This sub-monolayer of Fe304-NPs could be released from the substrate
surface in an external magnetic field of a permanent magnet opening the route for the
controlled, local and directed release of specified small quantities of magnetic

nanoparticles.

5.4 System with gold NPs and poly(aniline)

In our cooperation with Professor Daniel Mandler’s group we published the first
realization of nanoparticle imprinted polymers combined with electrochemical
detection.™* The new sensor principle was successfully demonstrated with a PANI film
transferred simultaneously with template AuNPs by the Langmuir-Blodgett technique
onto an indium doped tin oxide substrate. Citrate-protected AuNPs were dissolved in the
aqueous subphase (pH 5) of a Langmuir trough. An insulating PANI layer was spread at
the water-air interface. This layer is positively charged at pH 5 while the citrate-protected
AuNPs carry negative charges at the same pH. The extracted AuNPs strongly associate
with the PANI film to form a preorganized composite at the water-air interface. This
approach allows one to control the concentration of the AuNPs, because successive
deposition results in multilayers. Electron microscopic images after the transfer showed
randomly distributed NPs with insignificant agglomeration. The release of the AuNPs
could be easily controlled and observed by electrooxidation. In this system, SEM
investigations after electrooxidation confirm the formation of open cavities in the
film.M¥ 1t was possible to show that the cavities are capable to re-capture analyte NPs
with size-exclusion behavior. This was accomplished by an electrochemical approach in
the same way as used for the release of the template NPs. Nevertheless, not all embedded
AUuNPs could be dissolved, some remained chemically unchanged, as was confirmed by
X-ray photoelectron spectroscopy. Figure 33 shows the Au 4f spectra before (bottom) and
after (top) electrochemical oxidation and release of the AuNPs. Before the oxidation, the
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metallic AUNPs showed a peak shape with reduced asymmetry compared to the spectra of

bulk gold. After oxidation, the overall intensity was greatly diminished.

Au I4f| "after ox';

"before ox"

Intensity /arb. units

92 90 88 86 84 82 80
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Figure 33. XPS of AuNPs in PANI film after LB transfer of 2 layers (bottom) and subsequent
electrochemical oxidation by linear sweep voltammetry between 0.0 V and 1.4 V vs. Ag/AgCl with
ascanrate of v=0.1Vstin aqueous 0.1 M KCI solution.

Furthermore, the appearance of a signal at higher binding energy Eg (Au 4f7,, Eg
= 85.22 eV, 10 % of the intensity before LSV) indicated the presence of gold in higher

" species.!**® This gold

oxidation states often described as mixed oxides of Au' and Au
oxide should dissolve in chloride-containing solution. Dissolution of the Au nanoparticles
might be inhibited or prevented in case that the local chloride concentration is insufficient
or the access of the solution is hindered by a PANI film covering the AuNPs to the
solution side. Remaining metallic Au (Au 4f;,, Eg = 83.94 eV, 13 % of the intensity
before LSV) may result from AuNPs that were electrically insulated from the ITO

support during oxidation or from re-reduction of initially formed Au,O3. There was no

73



One step deposition of composites of polymer matrix and nanoobjects

indication that secondary electrons during XPS measurements contributed to the

reduction.

Beside XPS measurements, the authors contributed to this study by SFM
thickness determination of the PANI layer. The PANI film of 3 LB layers with embedded
AUNPs is used as an example. The film was locally removed by scanning a frame of
1 um x 1 um over 5 min with an MSCT tip and a setpoint of 10 V in contact mode to
remove the PANI layer, but not to alter the ITO surface. Afterwards, the force was
reduced and a larger frame was scanned (Fig. 34a). The local removal of the PANI film
was confirmed by the friction force image recorded simultaneously (Fig. 34b). This
image highlights the material contrast between bare ITO and PANI. The roughness in the
height image (Fig. 34a) is due to the roughness of the ITO substrate. Using the software
tool “step height”, the line scans within the white rectangle were averaged (profile in Fig.
34c). The height difference was 3 nm taken as the average of data between the green
marker lines vs. the average between the red marker lines. This corresponds exactly to
previous thickness determinations by SFM in air and by XPS.% With measurements in
a 0.1 M KCl solution it was shown that swelling effects of the film in water are below the
detection limit.
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Figure 34. Thickness determination of a film of 3 LB layers of PANI with AuNPs in 0.1 M KCI.
a) Contact mode image of a region with the film removed by scratching and the corresponding
cross section showing the average height data along the edge of the modified area. b) Friction

image of the modified area.

From this approaches we learned two lessons. The matrix is by far the most
critical component determining the success of selective recognition of NPs. The lack of

an ohmic contact between embedded particles and the substrate prevents the dissolution
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of NPs (Fig. 35, NP A and B). It is particularly important that the NIP-matrix have a
smaller thickness than the diameter of the NP (as illustrated in Fig. 35 with NP C and D)
because thicker films would prevent the access to the solution phase. At the same time,
the formed cavity should also be thick enough to enable size exclusion and to provide
sufficient area for specific interaction (Fig 35, formed cavities after electrochemical

removal).

Electrochemical removal of NPs

Max. thickness for a NP to +——— Min. thickness to
contact substrate and solution enable size exclusion

Figure 35. Model of the electrochemical NP removal process shows the effect of matrix thickness.
The dissolution of particle A and B is prevented due to the lack of an ohmic contact to the
substrate. NIP-matrices with a smaller thickness than the diameter of the NP provide an access to

the solution phase. Therefore particle C and D can be removed.

This work demonstrates for the first time the size-exclusion of nanoparticles by
extremely thin, imprinted polymers. Changing the pH in our system provides a
convenient way to adjust specific interaction between the matrix and the analyte NPs. The
recognition ability of the NIPs was examined by inserting the template matrix in an
AUNP containing alkaline solution (pH 10), since the PANI film is neutral at this pH and
non-specific electrostatic attractions between the polymer matrix and the negatively
charged AuNPs are eliminated. The insulating poly(aniline) allows communication only
to those NPs that are inside the cavities and in an ohmic contact to the substrate electrode.
This assumption is supported by Ahn and Bard’s investigations of single nanoparticle

collision events on titanium dioxide passivated n-silicon electrodes, as tunneling electron
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transfer could only be observed when the thickness of the blocking layer is less than 2
[122]
nm.
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6. NIP system realized by sequential deposition of

matrix and nanoobjects

As it is evident from the approaches in Chapter 5, the formation of NIP is not trivial and
requires taking into consideration several interdependent issues. Different questions
raised related to the material the NPs are made of, the chemical nature and formation of
the matrix, the removal of template NP and the reuptake of analyte NP. The objective of
this part is to form NIPs with a quite different and more mature point of view on how to
design and study such systems. Considering the experience related to the one step
deposition of nanocomposites a new approach was followed for NIP fabrication realized
by a sequential deposition of nanoobjects and matrix (Chapter 6.3). Since the removal of
imprinted iron oxide (magnetite) NPs from a matrix by an external magnetic field was not
simple, the focus was placed on NPs made of metals, namely gold and silver, that can be
anodically dissolved in case of an ohmic contact to the electrode surface. The current
during dissolution gives an immediate and quantitative indication about the success of the
removal step. The major drawbacks of using a matrix formed from molecular mono- or
multi layers are their low stability and the limited thickness of the layers. Therefore,
electropolymerization was used as a mean of controlling the NIP thickness. Two optional
polymers, namely poly(phenol) and poly(plumbagin), were studied in terms of parameters
such as the thickness, rigidity and permeability. The characterization of plumbagin-based
polymer films by SFM and SEM discussed in Chapter 6.2 was my contribution to the
joint publication* with Saustin Dongmo (Wittstock’s group) on a new class of
plumbagin-derived polymers, which allows a free adjustment of the film thickness and
apparently led to the permeability and catalytic activity of this polymer. The investigation
of phenol-based polymers for NIPs was not part of the published work and was initiated
by me and carried together with Anne Staggenborg.
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6.1 Immobilization of template gold NP on APTES-modified ITO

samples

A variety of strategies have been developed to link AuNPs to properly functionalized
surfaces. Among these, the self-assembling approach provides a simple and versatile
method to obtain well-ordered 2D nanoparticle arrays in which coverage and spatial
distribution can be easily controlled.!*3 245248l The bifunctional crosslinker APTES is the
most commonly used organosilane for immobilization of colloids and was used here in
order to attach AuNPs as templates on ITO electrodes. Figure 36 illustrates schematically
the steps involved in the preparation of AUNP/ITOaptes electrodes. Pretreatment of clean
ITO electrodes in 1% NH4OH leads to an active hydroxylated surface layer!®® necessary
for covalent attachment of alkoxisilanes to the surface via condensation reaction. The
contact angle of bare ITO after treatment in NH,OH was 24.1° providing the hydrophilic
nature of a hydroxy-terminated surface. The contact angle of a clean, untreated ITO
surface was 83.3° indicating a hydrophobic surface. The APTES layer is grown under dry
conditions in order to prevent multi-layer formation.[**! After the silanization process, no

agglomeration was noted in SFM topography images of the ITOapres surface (Fig. 16 b).

-  AuUNP - =/ AuNP -
?HZ ;Hz *NH5*NH5*NH5*NH;"NH;
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hydroxylated APTES-modified AUNP/ITOppres
ITO surface ITO surface

Figure 36. Procedure for the preparation of AUNP/ITOxpres electrodes: a) generation of an active
hydroxylated ITO surface, b) silanization with APTES, c) electrostatic assembling of citrate
stabilized AUNPs on APTES-modified ITO samples at pH 5.

However, contact angle measurements after silane modification (contact angle =
50.7° Lit.l**® 2% 50-66°) indicated a successful formation of a APTES-monolayer.

Electrostatic interactions between negatively charged AuNPs with a diameter of 30 nm
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and the positively charged APTES-monolayer at pH 5.0 enabled a controlled assembly of
dispersed NPs onto ITO electrodes. This was evidenced by SEM and SFM. SEM images
in Fig. 37 show randomly arranged AuNPs with a broad size distribution and a mean

AUNP size of 38.5 nm.
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Figure 37. Size distribution of immobilized template AuNPs and corresponding SEM image.

The amount of NPs strongly depends on exposure time of ITOaptes to the AUNP
solution and on the pH.***** The time-dependency was confirmed by investigating
samples after 1 h, 2 h and 3 h (Fig. 38a-c) by SEM, while saturation coverage of AuNPs
on the ITOapres electrode occurs after approximately 24 h (Fig. 38d). During longer
exposure time, AuNPs on ITOapres are not well dispersed but rather tend to aggregate

and accumulate in certain regions.
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Figure 38. SEM images recorded at 20-30 kV of AuUNP/ITOppres after a) 1 h (INP), b) 2 h (20
NPs), 3 h (40 NPs), d) 24 h (127 NPs) at ~3.0 um2 area.

SFM topography images of prepared samples confirmed the presence of AuNPs on
APTES-modified ITO (Fig. 39). The nanoparticle height was 24.2-39.4 nm measured as

difference between the peak height and the average baseline.

30.0 nm - - - NP height 39.4 nm
—— NP height 27.2 nm
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Figure 39. SFM topography images (left panel) recorded in intermittent mode within a scan area
of 1 um x 1 pm using a NCHV-A SFM tip (k = 42 N m'l) at a scan rate of 1.5 Hz (256 x 256

pixels) and three extracted cross sections (right panel).
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Particle amount and distribution seem to be strongly influenced by the quality of
the silane monolayer. Although, silanization is a commonly used approach to modify the
surface of ITO, well-controlled introduction of silanes is not straightforward due to the
uncontrollable surface hydroxyl concentration of ITO®* and the poor reactivity of the
functionality.® Furthermore, a rather high surface roughness and inhomogeneity in
terms of electric conductivity and composition are responsible for the difficulties
encountered in many 1TO applications./®* %% |t is known that hydroxyl group density on
the ITO substrate is lower than that on glass or silicon, and the latter have even a lower
roughness enabling the generation of a close-packed silane monolayer, which is an
important requirement to achieve a homogeneous distribution of citrate-stabilized AuNPs.
However, non-conducting substrates were not suitable for different aspects of this thesis
including the electrochemical detection of metal NPs or the formation of
electropolymerized thin films. Beside the monolayer quality, the ionic strength of
colloidal solutions is a crucial parameter affecting the distribution and amount of
immobilized NPs upon an electrostatic attachment.**? A promising approach to maintain
the positioning of NPs over long distances have been reported by Zhang et al.[**! through
a self-assembled 2D DNA nanogrid, which was successfully used as template to organize
5-nm Au NPs into square lattice with accurate control of interparticle spacing of 38 nm.
Evenly distributed AuUNP arrangements may find applications in nanoelectronic,

nanophotonic and sensor devices.

Finally, LSV was applied in order to determine the accessible amount of template
AuNPs (Fig. 41) and to confirm that the immobilized AuNPs undergo electron transfer
with the underlying ITO electrode. According to a plot developed originally by
Pourbaix,’®® gold is stable over a large potential and pH range in the presence of water
and aqueous solutions free from complexing substances (Fig. 40a). Pourbaix diagrams are
generally used for predicting and rationalizing the boundaries of thermodynamic stability
for various solid-aqueous systems as a function of pH and the redox potential E. Most of
them denote the region of stability of water to reduction (dashed line 6 in Fig. 40a, b) and
oxidation (dashed line 7 in Fig. 40a, b). Although thermodynamic data do provide a basis
for the study of electrochemical reactions, they do not take into account the Kinetic
properties of the systems and therefore are not always reliable. It may be seen from Fig.

40a (Au-HO system at 25 °C) that the electrochemical oxidation of gold occurs only at
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potentials significantly larger than those of line 5. In solution, the trivalent state of gold is
the most stable one, however, in the absence of complexing agents, the dissolved Au®*
ion is considered to precipitate as hydrated auric oxide (Au,0s3) or hydroxide (Au(OH)s)
almost over the whole pH range. The formation of Au,Os is possible at higher E values,

but it is less stable than the Au(l11) hydroxide.
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Figure 40. Pourbaix diagram for the systems a) Au-H,0 ([Au] = 10* M) based on Ref.”*® and
b) for the system Au-H,O-CI" ([Au] = 102 M, [CI] = 2 M) based on Ref.?*" at 25°C.

With increasing potentials the anode becomes covered with a passivation layer of
gold peroxide (AuO), which is thermodynamically unstable in water and readily
decomposes to form Au,Oz; and 0,.2%% 2 |n strong acidic media (pH >1) and at
potentials higher than 1.4 V, auric ions exist in a hydrated state (Au(H,0).*") as a
complex of low stability, which will undergo spontaneous reduction to the metal with the
oxidation of H,O to O,. The introduction of trace amounts of certain complexing species
such as chloride ions is necessary to stabilize this ion and to destroy the passivating layer.
In order to get a better understanding of the tendency of Au®** to form complexes,
Finkelstein and Hancock!®" show the influence of chloride ions to the Au-H,O system
(Fig. 40b). Comparison with the thermodynamic data from Fig. 40a shows a reduced
domain in which Au(OH)3, and AuO, are the most stable species. Since the ClI" ion is a
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stronger complexing ligand than H,0, the equilibria in Eq. (4-5) will be established. The
extent of the domain of the predominant species [AuCl,]  varies directly with the
concentration of Au®" and CI", while the grey shaded region shows the area for which the
gold chloride complex is stable in water at 25 ° C. It is important to note that the chloride
promoted dissolution of gold is predicted to occur at much lower potentials than it does in
pure water [Chapter 2.3, Eq. (6-15)].

Using 3 M KCI as the gold stripping solution, gold oxidation at AUNPS/ITOaptes
occurs at 0.85 V in the first scan, most likely according to reaction (5). In the subsequent
scan the peak is slightly shifted to 0.76 V. This is in agreement with calculated formal
potential of gold in the presence of chloride ions [Chapter 2.3, Eq. (15)]. Scans were
performed until no further metal oxidation was detected. Typically, this was in the 3™
sweep (Fig. 41). In an aqueous 0.1 M H;NaPOy solution free of complexing species, gold
oxidation occurs at a potential of 1.1 V (Fig. 49), which clearly show that the introduction
of a complexing agent like potassium chloride can be useful to shift the redox potential of

gold to a more negative value.
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Figure 41. LSV of AUNPS/ITOapres in 3 M KCI solution, v =10 mV st

Subsequent SEM measurements confirmed the complete removal of NPs.
Integration of the area of the AuNP oxidation peaks in Fig. 41 between E; = 0.55 V and
E,=1.1V vs. a linear background according to Eg. (20), where v is the scan rate (10 mV
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s?) and I and E are the current and potential, together with the area A = 0.5 cm? of the
ITO electrode revealed a charge density Q/A of 5.02x10° As cm™ from which the AuNP

coverage of ~1.25x10% NPs cm™ was calculated as shown by the following example:

|Q

2=~ fEEf I1(E) dE 20)

— Mass maynp Of one AuNP with a diameter of 30 nm (NP radius r = 15 nm, density of

gold p=19.32 g cm™):
Vaunp = %-r{ 73 =14137.17 nm? = 1.41- 10" cm3 (21)
Maune = P Vaunp = 19.32gcm™3-1.41-107cm3 = 2.73-107 16 g (22)

— Amount N, of Au atoms in one AuNP of 30 nm diameter:

__ maunp __ 2.7310716g
MauNP 196.96 g mol—1

Nau = 1.39-107% mol (23)

— Required charge Qaune to remove one AuNP with a diameter of 30 nm (n, =3,
F = 96485 As mol™):

Qaune = Nay "N, * F =1.39-10718 mol - 396485 Asmol™! = 4.01- 10713 As (24)
— Integrated charge Qo Obtained on A = 0.5 cm? electrode area:

2.51'107%As

0.5 cm?

Qtotal _ i Ey _
= v-AfEl I(E)dE =

=5.02-107% Ascm™2 (25)
— Number I'\pec Of electrochemically dissolved particles:

Inpec _ Qtotal , 1 _ 2511075As 1
A A QAuNP 0.5 cm? 40110713 As

= 1.25-10% NPs cm™2 (26)

Based on SFM images in Fig. 39 about 5-6 AuNPs can be noted within the area of
1x1pm? (5.5-10° NPs cm?), which is comparable to the calculated number of

electrochemically dissolved NPs in Eq. (26).

Aside from knowing the stability range of the NPs, it is important to know in

which potential range the ITO substrate is stable, as that presents a major limitation for
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the combination of systems. Liu et al.[?®”

show that the ITO films partially dissolve and
form particles consisting of metallic indium and tin upon applying negative potentials (< -
1.0 V vs. Ag/AgCl). Furthermore, several studiesi?®*?** confirm that apart from the
potential limit, the pH and the anion of the electrolyte and the duration of cathodic
polarization play a vital role in the electrochemical stability of ITO and should be borne
in mind when performing electrochemical experiments. However, there is a relatively
wide potential range available (AuNP oxidation at 0.85 V and ITO reduction at

approximately -1.0 V) to select appropriated processes, i.e. for the generation of a matrix.

6.2 Electropolymerization of conformal films

In this part of the work an appealing approach was introduced to realize matrix systems
with film thicknesses controlled by the deposition potential and time. While conventional
electropolymerization of 5-hydoxy-2-methyl-1,4-naphthoquinone (plumbagin) leads to
self-limited growth of an inhibiting film (polyPLG/GC, Fig. 42a), electropolymerization
onto a grafted monolayer of plumbagin on glassy carbon (PLG/GC) yields continuous
growth of a polymer film (polyPLG/PLG/GC, Fig. 42b).[*

CO= 0‘ f

2E ::EE
a)” b)| j E

Figure 42. Schematic illustrating a) the conventional self-limiting electropolymerization of

plumbagin to an inhibiting film (polyPLG/GC) and b) electropolymerization onto a grafted
monolayer of plumbagin on glassy carbon (PLG/GC) showing a continuous growth of a polymer
film (polyPLG/PLG/GC).

The electrochemical properties of polyPLG/PLG/GC have been intensively
characterized by CVs and showed the preservation of the redox chemistry of the quinone

system within the polymer. The surface morphology and thickness of polymer films were
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investigated using SEM and SFM. Thickness measurements of polyPLG/PLG/GC were
performed after 10, 25, 50, 100 and 150 potential cycles in 0.2 mM plumbagin onto
PLG/GC by scratching a selected 1 pum x 1 um region of the polymer film until the
underlying GC electrode was exposed using an SFM tip. Full details of all data points are

given in the Appendix, Fig. B1.

Figure 43 shows a plot of SFM-determined film thicknesses vs. number of
potential cycles for different films. For polyPLG/PLG/GC (Fig. 43, solid line) a fast
increase in film thickness was observed up to 50 cycles followed by a slower further
growth when the film-solution interface was far from the surface of the GC electrode. In
the case of polyPLG/GC (Fig. 43, dashed line), thickness was much smaller (12 nm after
25 cycles) than at polyPLG/PLG/GC (25 nm after 25 cycles) and remained at this value

even after further cycling.

Thickness/ nm
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Figure 43. SFM thickness determination of 1) polyPLG/PLG/GC after 10, 25, 50, 100, 150
potential cycles and 2) polyPLG/GC after 5, 25, and 50 potential cycles.

Independent of the electrode nature and the layer thickness, the surface structure
of polymers appeared to be homogeneous and smooth with no significant agglomeration.
Figure 44a shows an example of a polyPLG/PLG/GC formed in 25 CV cycles. The
surface topography was dominated by polishing streaks on the GC support that are
smaller than 20 nm in depth. The substrate features were flattened out and lose contrast as

the film thickness grows during further cycling (Fig. 44Db).
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Figure 44. SFM topography images (scan area: 5 um x 5 um) recorded in contact mode with a
MSCT tip (k=0.6 N m'l) of the polyPLG/PLG/GC after a) 25 and b) 100 CV cycles.

Complementary SEM measurements revealed a homogeneous polyPLG/PLG/GC
film. As observed in the tilted (40°) plane of the sample, the morphology of the polymer
is characterized by a globular morphology and pits probably affected by the grafted PLG
layer (Fig. 45b). The surface PLG/GC (Fig. 45a) after grafting has a very different
morphology. In contrast, direct eletropolymerization of plumbagin on GC (polyPLG/GC)
yields a dense and thin film (Appendix, Fig. B2b) that is conformal to the topography of
the underlying GC substrate (Appendix, Fig. B2a), a feature very similar to well-known

polyphenol films.

The preservation of the redox activity of plumbagin is caused by the quinone
group and its ability to produce semiquinone radicals.[?842%] The self-limiting behavior
was related to the phenolic part of this compound. Electropolymerization of phenols is a
prototypical example for the formation of an insulating film.!**"?%] The use of phenol
(see following Chapter 6.3) for the preparation of NIPs, raises an interesting question,
whether the growing mode of PPh could be also influenced by a grafted PLG monolayer.
Indeed, CVs obtained for the electropolymerization of phenol on a PLG/GC electrode

indicate a continuously film grow over many potential cycles.?*"
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Figure 45. SEM images recorded at 15-25 kV of a) PLG/GC and b) poly/PLG/PLG/GC after 25

cycles.

Surprisingly, SFM thickness determination could not prove an unrestricted growth
of the PPh on grafted GC. The thickness is 6.2 nm and thus comparable to PPh films
obtained at bare GC. However, SFM topography images clearly show that the structure of
the surface changes if the electrode was previously modified with a monolayer of PLG
(Fig. 46, a-PPh on bare GC, b-PPh on PLG/GC). The topography of the polymer is
characterized by globular structures, which is probably affected by the grafted PLG layer
and comparable to the topography of poly(plumbagin) layers at PLG/GC.
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Figure 46. SFM topography images recorded with the MSCT SFM tip (k= 0.6 N m™) at a scan
rate of 1.0 Hz and with a resolution of 256 x 256 pixels show the surface of PPh deposited on
a) bare GC and b) PLG/GC.

To conclude, the grafting of plumbagin allows subsequent electropolymerization
of a plumbagin polymer. The potential observed during electropolymerization was
different than in direct electropolymerization on bare GC. In contrast to polyPLG/GC, the
growth of polyPLG/PLG/GC is not limited. This allows a free adjustment of the film
thickness that and apparently led to the permeability of this polymer. The controlled
formation of a macroscopically smooth film with permeability for electrolytes might also
be used for nanoparticle imprinted polymers. However, a significant amount of work has
to be done in order to clarify the mechanisms of phenol during electropolymerization on
the grafted GC electrode.

6.3 Polyphenol-based NIP systems

The last approach in order to obtain polymer-based matrices is performed by
electropolymerization of phenol at AUNP/ITOaptes (Fig. 47). The first step of NIP
fabrication includes the organization of AuNPs as templates on amino-terminated 1TO
sample. This is realized by electrostatic interaction between the negatively charged NPs
and the positively charged monolayer (AuNP/ITOapres, Chapter 6.1). In the second step a
thin matrix is formed by electropolymerization of phenol, which has a thickness of the
order of the used AuNPs (PPh/AUNP/ITOaptEs).
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Figure 47. Schematic representation of the 2D composite of AUNPs and the electrochemically

generated PPh film.

The expected advantage of phenol and phenol derivatives for forming the NIP
matrix is their self-limiting film growth during electropolymerization.””” Because the
films grow until the complete passivation of the electrode, they are uniformly distributed
over the entire electrode area, show a constant film thickness and are almost free of
defects. However, they can show selective permeability for different molecules and have
found application in the field of biosensors as selectively permeable membranes, for
instance for H,0,.2* 2’2 Their robustness has been used for immobilization of enzymes
such as glucose oxidase,”?™ and for the protection against unwanted adsorption on or
reaction with interfering substances.””®! Electropolymerized MIPs based on phenol
derivatives were used as receptor layers in capacitive chemical sensors.?”! Therefore, it

was expected that this polymer would also be suitable to form NIPs.

Electropolymerization of phenol can be carried out in organic®®>?"" as well as in
aqueoust?®” 28 2791 so|utions. The polymerization mechanism is well described in
literature.[?8: 8% 281 Apodic oxidation of the phenolate ion yields to the phenolate radical
as initiation step. The propagation occurs by a head-to-tail coupling of two phenolate
ions, deprotonation and again anodic oxidation. The monomers can be coupled in the

ortho- or para-position to each other, from which the para-attack is preferred.
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Figure 48. CV for the electropolymerization of phenol at a) AUNP/ITO apres and b) ITOapres during
the 1%, 2" and 30" cycle, in an aqueous solution containing 50 mM phenol + 0.1 M NaH,PO, at v
=50mVs™.

Figure 48a shows the 1%, 2" and 30" CV during PPh deposition from an aqueous
solution containing 50 mM phenol + 0.1 M NaH,PO, at AUNP/ITOapres. There is a
distinct phenol oxidation peak around 1.4 V in the 1% cycle. A decrease in the anodic
current during progressive potential cycling indicates the formation of an insulating PPh

layer.

SFM topography images of PPh films on bare ITO showed a smooth surface
morphology. There were no differences to PPh films on ITOapres electrodes in roughness
and thickness (Appendix, Fig. C1). The estimated RMS surface roughness ranged
between 3.0-3.5 nm over a 5 um x 5 um area and actually reflected the roughness of an

untreated ITO surface (Fig. 16a). SFM thickness measurements at ITOaptes revealed
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reproducible film thicknesses of 16 to 19 nm as a result of the self-limiting film growth
(Appendix, Fig. Cla). The estimated thickness was consistent with observations made by

| [189]

Kang et a at similar conditions among a wide range of tested scan rates, cycles and

phenol concentrations.

The character of phenol oxidation CVs recorded on ITOaptes (Fig. 48b) is the
same as of those observed on AuNP/ITOapres Samples (Fig. 48a). However, there is a
difference in the onset and peak potentials. The current response at ITOapres Samples
starts to increase at a potential positive of 0.93 V (Fig. 48b), while the oxidation peak is
located at around 1.6 V. In the presence of AuNP templates the anodic current rises
already at 0.65 V. By recording a CV in phenol-free 0.1 M NaH,PO4-electrolyte it could
be confirmed that this signal is not due to gold oxidation. In this electrolyte gold
oxidation starts only at 0.8 V with a peak at 1.1 V (Fig. 49), while the currents are caused
by the formation of auric hydroxide or oxide (detailed discussion in Chapter 6.1). The
dissolution of gold at similar potentials in Fig. 41 was only possible due to the presence
of complexing chloride ions. Prolonged cycling in the range between 0 V and 1.4 V leads
to successive decrease of both, the oxidation and reduction peaks. Chloride promotes the
oxidation of gold, while the absence of CI" causes the redox potential of AuNPs to shift to

a higher potential.
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Figure 49. CV recorded at AUNP/ITOxpres in an aqueous solution containing 0.1 M NaH,PO, with

a scan rate of v=0.05Vs™ indicating the oxidation and reduction of gold.
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Complementary studies on massive Au electrodes showed that the deposition of
PPh occurs at lower potentials (0.5-1.1 V vs. Ag/AgCl, Fig. 50) than it does at ITOapres
under the same conditions (0.9-1.9 V vs. Ag/AgCl, Fig. 48b). This suggests that the
AUNP might be coated with an insulating PPh film even before the ITO substrate is
coated. The film formation of PPh on bare Au electrodes is comparable to that on ITO as
the oxidation current substantially decreases in the second scan due to the formation of an

insulating layer.
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Figure 50. The 1%, 2™ and 30" CV during the electropolymerization of phenol in an neutral (pH
6.5-7.0) aqueous solution containing 50 mM phenol + 0.1 M NaH,PO, at v = 50 mV s™ at a bare

Aul/glass electrode.

The blocking behavior of PPh on Au/glass electrodes was confirmed in
permeability test experiments using [Ru(NH3)s]Cl3 as redox probe (Fig. 51a).

SFM investigations reveal a smooth polymer surface (RMS =1.8 nm), which
actually represents the roughness of the bare Au surface (Fig. 51b). The thickness is
determined as 1-2 nm using SFM in contact mode. In some CVs as shown in Fig. 50a, an
additional peak was observed at 1.0 V during electropolymerization of phenol at bare
Au/glass electrodes. Considering the gold oxidation response demonstrated in the CV of
the blank NaH,PO,-electrolyte at AUNP/ITOapres, this peak can be attributed to the
formation of gold oxide or hydroxide, which appears since the film formed during the
first CV scan of phenol polymerization is not completely insulating and thus not

preventing this reaction. A vanishing weak peak at 0.6 V in the back scan of the first two
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cycles might indicate the electrochemical reduction of oxidized gold species
(demonstrated in an enlarged scale in the Appendix, Fig. C2a, b). Usually, this signal
disappears in the second polymerization cycle. Even if a clear signature of the Au-
oxidation peak is missing, the reduction response is barely visible.
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Figure 51. CVs recorded at Au/glass (black curve) and PPh/Au/glass (dashed curve) in 1 mM
[Ru(NHz)s]Cls + 0.1 M KCI at a scan rate of 0.1 V s™ show the permeability before and after the
formation of an insulating poly(phenol) film and b) SFM topography images recorded in contact
mode within a scan area of 5 um x 5 um using a MSCT SFM tip (k= 0.6 N m'l) at a scan rate of

2.0 Hz and with a resolution of 256 x 256 pixels.

The deposition of PPh at Au/glass in neutral NaH,PO4-medium occurs at a lower
potential causing a passivation of the electrode surface before the potential has reached a
value high enough to start the oxidation of gold. Hence, only a small amount of gold can
be oxidized, which is the most important reason for suppression of the gold reduction
peak in Fig. 50b. Another peak at 0.2-0.3 V in Fig. 50b, which could not be assigned so
far, appears only in the first half cycle during the electropolymerization on Au/glass
substrates. There is no indication that this peak interferes the application for NIPs.

No evidence of gold dissolution was found in CVs of phenol polymerization in an
aqueous neutral NaH,PO,-solution at AuUNP/ITOaptes (Fig. 50a). Indeed, the expected
Au-oxidation peak ranging between 1.0 V to 1.1 V could be overlapped by the phenol

oxidation response, but the reduction process at 0.6 V is missing (Fig. 50b).
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Figure 52. a) The 1%, 2" and 30" CV for the electropolymerization of phenol at AUNPS/ITOapres
conducted in aqueous solution containing 50 mM phenol + 0.1 M NaH2PO4. b) Enlarged view of

the 1% (black curve) and 2™ (grey curve) scan.

The studies by SEM and SFM after formation of the PPh matrix confirm the
presence of AuNP templates (Fig. 53a, b). Due to the non-conducting nature of the PPh
film, SEM observation at a high acceleration voltage led to charge accumulations in the
scanned area. Measurements at lower acceleration voltages were not beneficial for
structure determination at high spatial resolution (Fig. 53a). Hence, the application of
SFM on the polymeric surface is especially favorable to overcome the conductivity
limitations of SEM. Characterizations by SFM confirm the dispersion of template AuNP
within the polymeric matrix. The layer thickness of the polymer matrix was determined
by SFM to be 17-21 nm (Fig. C1b), which is comparable to the thickness obtained at
ITOaptes. In the presence of NPs the roughness increases from 3.17 (PPh/ITO) to 3.68-
4.17 nm (PPh/AUNP/ITOpES).
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Figure 53. a) SEM image recorded at 15 kV and b) SFM topography image (1 um x 1 um)
measured in the contact mode using a MSCT SFM tip (k=0.6 N m'l) at a scan rate of 1.0 Hz with
265 x 265 pixels of PPh/AUNPs/ITOxptes. AUNPSs are identified as white dots.

Cyclic voltammograms of a redoxactive probe [Ru(NHs)e]** were recorded to
obtain information on the permeability in the presence and absence of the PPh film.
Figure 54a shows the CVs of AUNP/ITOaptes, PPN/AUNP/ITOaptes, and PPh/ITO in 1.0
mM [Ru(NHs)g]Cls + 0.1 M KCI. In analogy to ITOapres, bare ITO was used for all
control experiments with the bare substrate since the untreated samples showed no
significant differences in voltammetric response. The response of AUNP/ITOaptes Shows
a well-developed quasi-reversible CV for [Ru(NH3)e]*"'** (Fig. 54a, dashed curve). The
CV:s after electrochemical deposition of the insulating PPh film are typical for a blocking
layer that permits small residual currents only (Fig. 54a, black curve for
PPh/AUNP/ITOaptes and grey for PPh/ITO). These residual currents are shown in an
enlarged scale in Fig. 54 b for PPh/ITO and PPh/AUNP/ITOaptes. The current response
of [Ru(NHs)e]*"'#* is not completely inhibited. The shape of both CV curves changes
towards a sigmoidal shape. Selected samples in Fig. 55a-c represent typical CVs observed
from such layers. This may indicate that the reduction of [Ru(NHs)g]** occurs at an array
of independent microelectrodes. This could be defects in the PPh film and/or, in case of
PPh/AUNPS/ITOapteS, AUNPSs extending across the PPh film thickness.
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Figure 54. a) CVs recorded at AuNP/ITOppres, PPh/AUNP/ITOppres and PPh/ITO in 1 mM
[Ru(NH5)ICls + 0.1 M KClI at a scan rate of 0.1 V s show the permeability before and after the
formation of an insulating PPh film, b) enlarged scale of CVs at PPh/AUNP/ITOpptes and

PPhH/ITO.
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Figure 55. Three examples a), b) and c) of CVs recorded in 1 mM [Ru(NHs)¢]Cls + 0.1 M KCl at a
scan rate of v=0.1V s™ show the permeability at PPh/AUNP/ITOpres (black curve) and PPh/ITO

(grey curve).
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In order to support the findings described above, a further attempt was made to
discriminate between the overlapping electrochemical signals for the phenol
electrodeposition obtained at AUNP/ITOaptes. The deposition of PPh was carried out in
two steps, first in the potential range of 0-0.9 V in which the deposition of PPh is
expected on AuNPs and, subsequently, in the potential range of 0-1.8 V in which the
deposition of PPh occurs at ITOaptes (Fig. 56).

OH OH

. _— —_—
Silane 0-09V 0-18V
(APTES)

Figure 56. Schematic illustration of the electropolymerization process of phenol at
AUNP/ITOppres: @) PPh deposition at AuNPs within the potential range of 0 V to 0.9 V and
b) electropolymerization of phenol at the ITOapres sSurface within the potential range of 0 V to 1.8
V.

Figures 57 and 59 show the CVs for two different events measured on
AUNP/ITOpptes Samples. The first CV in Fig. 57 was prepared by 30 cycles within the
potential range of 0-0.9 V in an aqueous solution containing 50 mM phenol + 0.1 M
NaH,PO4. The first cycle shows an irreversible anodic peak at 0.75 V, which disappears
almost completely in the second cycle (Fig. 57). Such behavior is reminiscent of that
typically observed during the electropolymerization of phenol, while an onset potential of
0.60 V points towards the formation of an insulating PPh layer at AuNPs.
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Figure 57. The 1%, 2"" and 30™ CV for the electropolymerization of phenol in an aqueous solution
containing 50 mM phenol + 0.1 M NaH,PO, at v = 50 mV s™ with a scan rate of 0.05 Vs™ at
AuNPs within the potential range of 0.0 V to 0.9 V.

CVs of [Ru(NHs)e]** show still a well-developed quasi-reversible CV for the
redoxactive probe (Fig. 58a, black curve) comparable to that obtained at bare
AUNP/ITOpptes. This indicates that the polymer does not block the ITO surface. This
result was also supported by SFM thickness measurements. There was no characteristic
pattern after scratching the sample surface with an SFM tip at high loading forces, which

would remove a soft polymer covering the ITO surface (comparable to Fig. 13).

The dissolution of AuNPs in 3 M KCI was not observed at all or barely detectable
in LSV (Fig. 58b). This indicates the PPh deposition occurred on the AuNP but not on the
ITO surface within a potential range of 0 V to 0.9 V. This situation is shown
schematically in Fig. 56. SFM images represent a surface topography consisting of
spherical structures with a diameter of 20 to 30 nm. Obviously, the particle sizes remain
almost unchanged after the deposition of the polymer. This result is not unexpected, since
previous thickness measurements by SFM of PPh films on bare Au/glass electrodes
revealed that polymer film stopped growing on gold at thicknesses of 1-2 nm. Such small
changes in size cannot be verified by SFM on strongly curved surfaces and due to the

broad size distribution of the used AuNPs.
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Figure 58. CVs recorded in 1 mM [Ru(NH3)s]Cl; + 0.1 M KCI at a scan rate of 0.1 V s™ show the
a) permeability before (AUNPs/ITOxptes) and after both events namely the deposition of PPh at
AUNPs ((PPh-AuUNPS)/ITOaptes) and the ITO surface (PPh/(PPh-AuNPS)/ITOaptes) and b) LSV for
the electrochemical release of templates in 3 M KCI solution with a scan rate of 10 mV s™ after

AuNP encapsulation.

After the formation of polymer-encapsulated AuNPs at ITOapres, further 30

voltammetric cycles were performed at the same electrode area but within a broader

potential range of 0 V to 1.8 V (scheme in Fig. 56). There is a distinct oxidation peak in

the first CV reaching its maximum at 1.5 V (Fig. 59), which disappears almost entirely in

the second scan.
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Figure 59. The 1%, 2"" and 30™ CV for the electropolymerization of phenol in an aqueous solution

containing 50 mM phenol + 0.1 M NaH,PO, at v = 50 mV s™ at the AUNP/ITOppres Surface within

the potential range of 0.0 Vto 1.8 V.
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This rapid and drastic decrease in current density results from the deposition of a
PPh film at ITOaptes blocking the ITO surface in agreement with CV characteristics
previously observed during the formation of an insulating PPh film on ITOapres
electrodes (Fig. 48b); just the onset potential is slightly different (0.77 V, Fig. 59). The
insulating properties of these samples were verified by the absence of current response in
CVs obtained in [Ru(NHs)e]*"*" (Fig. 58a, grey curve). Accordingly, SFM thickness
measurements in the contact mode revealed the presence of a 20 nm thick polymer film

on the ITOaptes SUppOTTt.

The topographical images in the SFM contact mode of the surface confirm the
presence of AuNPs inside the PPh matrix (Fig. 60). The amplitude and the phase response
in Fig. 60 are reminiscent of the model presented in Fig. 56b.

topography amplitude
30.0 nm :

0.1 v

15.0 nm

50.0 °

25.0 °

Figure 60. SFM contact mode images (scan area: 250 nm x 250 nm) recorded with the MSCT
SFM tip (k=0.6 M m'l) at a scan rate of 1.0 Hz and with a resolution of 256 x 256 pixels of
samples after PPh layer formation on AuNPs and subsequently on the surrounding ITO surface

show the topography as well as the amplitude and phase response (256 x 256 pixels).
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In an attempt to remove metal AuNPs from the polymeric PPh matrix by LSV in
3 M KCI stripping solution, the gold oxidation peak was occasionally observed in the
potential range of 0.8 to 1.1 V (Fig. 61a). Scans were performed until no further metal
oxidation was detected. SEM and SFM images after the electrochemical treatment
showed an unchanged composite film. The templates were still located within the PPh
matrix. This is probably observed because the insulating PPh film covering the AuNPs
prevents the chloride access to the AuNPs, and thus the dissolution of gold cannot
proceed. Often, only an increase of the background charging current can be measured
(Fig 61b, 1% scan), while an Au-oxidation peak is completely absent. In the second scan
the charging currents are strongly diminished and remain at a consistent baseline in

further scans.
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Figure 61. LSVs for the electrochemical release of template AuNPs from PPh/AUNP/ITOptes
samples in 3 M KCI solution with a scan rate of 10 mV s™. Panels a) and b) show two different

examples.

As an alternative route, the chemical oxidation of AuNPs was attempted by a
treatment of NIPs in aerated 6 mM KCN based on the assumption that the thin layer
covering the AuNPs might be permeable to cyanide ions and oxygen and that the Au

cores can be dissolved™? according to Eq. (27) while maintaining a stable matrix.
2 AU+ 1/2 0, + H,0 + 4 KCN — 2 K[AU(CN),] + 2 KOH @7)

As evidenced by SEM images in Fig. 62, template AuUNPs were indeed completely
removed, leaving their shape and size imprinted in the polymer. The size of the nanovoids

is similar to the diameter of the template AuNP (~30 nm). Due to the broad size
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distribution of the used AuNPs (compare Fig. 37), larger nanovoids with diameters of
46.6-55.1 nm could be observed in Fig. 62a.

Figure 62. SEM image of the PPh matrix (PPh/{}c/ITOapres) after the chemical removal of AuNP
templates over 3 h in aqueous 6 mM KCN solution (white arrows indicate a selection of the

imprinted nanovoids).

XPS spectra confirm the complete removal of template AuNPs (Fig. 63). Figure
63 shows the Au 4f spectra measured before (AUNP/ITOapres) and after
(PPh/AUNP/ITOpptes) the formation of a PPh matrix, as well as after the chemical
removal of gold templates in 6 MM KCN solution (PPh/{}c/ITOaptes). The Au 4f;
signal is observed at a binding energy of Eg = 83.35 eV. After PPh deposition, the overall
intensity of the Au 4f signal was greatly diminished to about 19 %. The appearance of a
signal shift to higher binding energy Eg =85.23 eV indicated the presence of gold in

higher oxidation states often described as mixed oxides of Au' and Au" species.’**! This

signal completely disappears after treating the sample in KCN solution.
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Figure 63. XPS spectra measured at AUNP/ITOpres before and after (PPh/AUNP/ITOppres) the
formation of a PPh matrix, as well as after the chemical removal of gold templates in 6 mM KCN
solution (PPh/{}c/ITOppres).

After the removal, the thickness of the polymer film was determined by SFM to
be 22 nm (Appendix, Table Clc), which is similar to the thickness before template
removal. The film morphology is preserved which is a prerequisite for a stable matrix.
Additional information about the morphology after the template removal was obtained by
pulsed-force microscopy (PFM). Topographical measurements allow comparison of the
height profiles inside and outside the cavities (Fig. 64a). Indeed, a depth profile shows
cavities with a depth of approximately 5 nm and less. This observation does not
necessarily suggest open cavities, since the polymer around the particles has a thickness
of about 20 nm. It could rather mean that the polymer layer surrounding the AuNP
became a closed nanovoid that collapsed after template removal as shown schematically
in Fig. 65a. Alternatively, the SFM tip may not have reached the ITO surface due to its

much larger tip curvature radius compared to the AuNPs-formed cavities (Fig. 65b). In
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this case the depth of recessed features on the surface cannot be reproduced faithfully.
Kékicheff at al.””® reported the same problem when trying to investigate the cyanide-

induced dissolution of AuNPs contained in polyelectrolyte multilayers by SFM and TEM.

7.0 nm

0.0 nm

0.1 v

0.1 v

Figure 64. SFM images (5 um x 5 um and enlarged subsections of 2.5 um x 3.5 um) recorded in
the pulsed-force mode show a) the topography of the NIP after chemical removal of the template
AuNP and the corresponding adhesion b) and stiffness c) images. In contrast to a) and b), the
template-formed features in the polymer are clearly recognizable in c) as black, well defined spots

(marked by a white circle).

Additionally, Fig. 65 suggests using a redox active probe to obtain further
information about the architecture of the matrix. In case of closed nanovoids no electron
transfer is expected (Fig. 65a), while open cavities need an active area to enable the
electron transfer (Fig. 65b for electron transfer enabled and 65c for electron transfer

disabled). This issue is discussed in detail below (see Fig. 66).
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N,

a) closed cavities, no e transfer b) opened cavities, e transfer ¢) opened cavities, ho e transfer

________________

Figure 65. Schematic illustration of three different architectures a), b) and c) suggested for
template-formed features after exposing NIPs to KCN etching solution: a) represent a close
nanovoid preventing an electron transfer, b) and c) represent open cavities either enabling the
electron transfer or preventing it due to the formation of an insulating polymer layer between
template NPs and the ITO electrode. The SFM tip section profiles point out that open and closed

holes are difficult to distinguish.

However, the PFM measurements did not only provide topographical images but
also spatially correlated information about the material properties such as the local
adhesion and stiffness of the surface. These feature have rendered PFM useful for the
investigation of self-assembled silane monolayers on SiO,,"!! for characterization of
polymers,1?# 2 syrfaces with different charges!?®® as well as biological cells.”®") It was
expected that the oscillation parameters of the cantilever are greatly affected by the slight
differences of adhesion and stiffness between nanovoids and the polyphenol matrix. Since
several factors influence the adhesion between SFM tip and surface (attractive and
repulsive interactions, electrostatic charges, capillary forces), there is no ubiquitous
measure for adhesion. Hence, it is very difficult to interpret the resulting image contrast
in Fig. 64b and assign it to the corresponding cavities. The definition of the contrast
obtained in the stiffness images is much easier since it is given by the relative tendency of
the materials to deform reversibly under applied loading. The template-formed features in
the polymer are clearly recognizable as black, well defined spots in Fig. 64c, quite
different from the topography and adhesion images (compare surface feature marked with

the white circle).

Better insight was possible by monitoring changes in the electrode response of

[Ru(NHs)s]*" ions as redox probe before and after the template removal. The detection of
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reversible [Ru(NHas)e]*"’?* redox couples is required to confirm the formation of open
cavities (Fig. 65b). This would allow the redox probe to be transported directly to the
electrically conductive ITO surface. The voltammetric response may result in peak-
shaped or in sigmoidal CVs with a diffusion-limited current. The latter behavior will be
in agreement with the reaction at an microelectrode array in which the diffusion layers at
each element does not overlap within the recording time of the CV.**! If the array
elements are more closely spaced, the individual diffusion layers from each redox-active
point overlap to a macroscopic diffusion layer within the recording time of the CV. The
response would be that of a quasi-reversible system of a macroscopic electrode.
Following the electrochemical route to remove gold templates from the polymeric matrix,
small changes in voltammetric response are observed compared to the untreated
PPh/AUNP/ITOaptes Samples. After exposing NIPs to KCN solution over 3 h the current
is slightly enhanced and show a clear signature of redox reactions of [Ru(NHs)s]*"%" at
PPh/{}./ITOaptes in Fig. 66, grey curve. This result points towards the formation of only
a few open nanocavities after template removal (mixture of Fig. 65b and c). This creates
unfavorable conditions for the electrochemical detection of NPs after reuptake. Based on
the steady-state diffusion-limited current jp (Fig. 66, grey curve), it is possible to estimate
the number of open cavities at the electrode surface. This approach has been also used for
PDMS based NIPs in Chapter 5.2 [Eq. (17-19)]. NIPs were considered as randomly
arranged microelectrodes that behave like independent recessed microelectrodes.
Equation (Eq. 17) gives the total current density, which is expected if all nanocavities are
open and can be considered as recessed nanoelectrodes. The number of NPs /\p =
4.23-10° NP cm™ was determined from counting NP densities in SFM images (Fig. 53b).
Due to the spherical shape of the template (30 nm in diameter), the active area is expected
to be much smaller than the diameter of one NP, e.g. only 1.5 nm. Under this assumption
about 5% of the cavities are open. This calculation is considerably simplified, but it
provides the order of magnitude. The calculated removal efficiency value is associated
with an uncertainty originating from limited precision in counting the NP surface
concentration from microscopic images (inhomogeneity of NP surface concentration over
t extended sample areas outside the analyzed field of view) and the estimation of the
average area of the recessed nanoelectrode.

107



NIP system realized by sequential deposition of matrix and nanoobjects

As SEM images indicate open holes, another critical situation might exist in
which the lack of the redox-response for [Ru(NH3)s]Cl3 is caused by the formation of an
insulating polymer layer at the interface between template AuNPs and the relatively
rough ITO electrode surface schematically shown in Fig. 65c. Even if analyte NPs can be
captured in opened nanocavities, the electrochemical detection and discrimination
between NPs in imprinted cavities and non-specifically adhering NPs would be a
problematic task due to the lack of an ohmic contact between analytes and the electrode

surface.
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Figure 66. CVs recorded in 1 mM [Ru(NHs)¢]Cl; + 0.1 M KCI at a scan rate of 0.1 V st showing
the permeability at PPh/AUNP/ITOxpres (black line) and b) PPh/ITO before (black dashed line)
and after (grey line for PPh/AUNP/ITOxptes, grey dashed line for PPh/ITO) exposing samples to
aqueous 6 mM KCN solution over 3 h.

As a control experiment, a PPh/ITO sample was exposed for 3 h to 6 mM KCN
etching solution and a CV in the probe solution was recorded (Fig. 66, grey dashed
curve). Small cathodic and anodic peak currents are clearly observed in CVs obtained
after sample treatment. Most likely this behavior is associated with a swelling of the PPh
film and an enhancement of its permeability. Further permeability tests at
PPh/AUNP/ITOaptes and PPh/ITO before and after KCN treatment show reproducible
results (Appendix, Fig. C3).
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It is important to ensure that no gold residues remain in the polymeric matrix. This
could potentially distort the recognition ability of NIPs. To this end, LSV experiments
were conducted at PPh/{}c/ITOaptes and PPh/ITO in 3 M KCI gold stripping solution
(Fig. 67).
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Figure 67. LSVs recorded in 3 M KCI solution at a scan rate of 10 mV st at a) - ¢
PPh/{}./ITOaptes and d) PPh/ITO after exposure to 6 mM KCN over 3 h.

The first voltammetric scan typically shows an increase of the background
charging current and the appearance of two weak peaks. One is located between 0.2 V
and 0.4 V (Fig. 67a, 1% and 2" scan, P1) and the other between 0.6 V and 1.1 V (Fig. 67a,
1% scan, P1). Both peaks occur independently and without any regularity. Sometimes a
broad peak between 0.2 V and 1.1 V may result from the overlap of both signals (Fig.
67c, 1% scan, P1/P2). The peak P1 was occasionally observed in LSV control experiments
in 3 M KCI stripping solution at KCN-treated PPh/ITO samples (Fig. 67d, 1% scan P1).

This proves that this signal is not due to gold oxidation. However, the assignment of this
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peak remains open. The peak P2 was only observed on samples that originally contained
AUNP, but not at PPh/ITO. It is therefore assigned to the gold dissolution.

In order to prove the stability of ITO layers in KCN solution, clean samples were
exposed to the etching solution for 3 h while electroactivity was tested before and
afterwards by cyclic voltammetry of [Ru(NHs)s]**. An unchanged quasi-reversible CV
with current densities comparable to that obtained for untreated ITO samples indicates an
intact ITO surface after KCN treatment (Fig. 68).
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Figure 68. CVs recorded in 1 mM [Ru(NHs)g]Cl; + 0.1 M KCI at a scan rate of 0.1 V s at a bare
ITO electrode before (black dashed line) and after (black line) exposing it to 6 mM KCN etching
solution over 3 h.

Different to the previous approach (Chapter 5.4), the recognition ability and size
selectivity of PPh-based NIPs was analyzed by a competitive uptake of 20 nm AgNPs via
50-nm AuNPs (Fig. 69). Since the templates leave imprinted cavities of 30 nm, it was
expected that a AgNP can find its way more easily into the cavity as the larger AuNP.
The presence of electrochemically addressable analyte NPs was verified by LSV in
aqueous 0.1 M NaNQOj; solution for AgNPs and in 3 M KCI solution for AuNPs.
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Figure 69. Schematic representation of the competitive reuptake of 20 nm AgNPs via 50 nm
AuNPs using the PPh-based NIP with cavities of 30 nm.

The recognition ability and size selectivity of NIPs PPh/{}/ITOaptes Was
investigated by immersing it for 15 h in aqueous solutions containing citrate-capped
analyte AgNPs of 20 nm and AuNPs of 50 nm in diameter. These two NP populations
were mixed with a ratio between the number of NPs of 1:1. In case of open cavities, a
significantly higher uptake capability towards 20-nm particles was expected since they
are more similar in size to the templates than the 50-nm AuNPs. The presence of
electrochemically addressable analyte AgNPs was verified by LSV in aqueous 0.1 M
NaNO; solution (Fig. 70a). The oxidation of silver using 0.1 M NaNOg as the silver

stripping solution*®Y follows the reaction given in Eq. (28).
Ag+ (NO3)=Ag" + (NO3) + ¢ (28)

In two of the samples, a well-developed peak at +0.23 V is detected in the first
scan, while in the following scans the peak shifts to lower values (+0.2 V). These peaks
are clearly assigned to the electrochemical dissolution of AgNPs. The redox potential is
sufficiently different from the oxidation peak potential of template AuNP (+0.8 V in Fig.
41). Similar to AuNPs, the analyte AgNPs are not completely oxidized in one LSV scan.
After successive LSV scans, no remaining addressable AgNP was detected. Two other
examples did not show an uptake and/or detection of analyte NPs. The detection of
analyte AuNPs was performed in aqueous 3 M KCI solution (Fig. 70b). The characteristic
gold oxidation signal was not observed. But in some examples the increase of the

background charging current in the first scan is accompanied by a broad peak located in

111



NIP system realized by sequential deposition of matrix and nanoobjects

the potential range between 0.5 to 1.1 V. This signal was associated with the dissolution
of residual gold within the matrix after KCN-etching as shown above (Fig. 67b). But even
if the matrix was previously electrochemically treated to remove gold residues, this peak
is still detectable after the analyte uptake process. No current response was detected in the
3" sweep (Fig. 70b).
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Figure 70. LSVs recorded in a) 0.1 M NaNO3 and in b) 3 M KCI solution at PPh/{}.//ITOxpres after
exposing samples to an aqueous solutions containing citrate-capped analyte AgQNPs and AuNPs
(20 nm and 50 nm in diameter) for 15 h.

For control experiments, non-imprinted PPh layers were initially exposed to the
analyte NP solution in the same manner as NIPs, and subsequently tested in stripping

solutions. Surprisingly, LSV experiments in 0.1 M NaNOj reveal electrooxidation signals
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corresponding to the dissolution of AgNP as well (Fig. 71a). A distinct Ag-oxidation
peak appears at +0.21 V in the first scan and shifts to lower values (+0.15 V) in the

following. Similar to NIP-covered samples, this result was reproduced in two out of four

samples.
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Figure 71. LSVs recorded in a) 0.1 M NaNO3; and in b) 3M KCI solution at PPh/ITO after
exposing samples to an aqueous solutions containing citrate-capped analyte AgNPs and AuNPs

(20nm and 50 nm in diameter) for 15 h.

The process for the oxidation of AuNPs has not been found by LSV
measurements in 3 M KCI solution, but the increase of the background charging current
is still visible in some experiments (Fig, 71b). A further control experiment, in which a
bare ITO sample was exposed to the uptake solution and subsequently tested in stripping
solutions, showed that no interaction occurred between analyte NPs and the untreated
ITO surface.
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Characterization of the uptake process using SEM and SFM show a similar
outcome. All samples with a detectable electrochemical dissolution of the AgNPs indicate
a strong attachment of analyte NPs to the PPh film, while the amount of 20-nm AgNPs
(Fig. 72a, labelled with 20.4 nm) is clearly higher than that of 50-nm AuNP (Fig. 72a,
labelled with 56.5 nm).

AgNP

empty
cavity

Figure 72. a) SEM image recorded at 20 kV of PPh/{}./ITOptes after immersing it in agqueous
solutions containing citrate-capped analyte AgNPs and AuNPs (1:1) for 15 h. The enlarged view
of selected area shows AgNPs (20.4 nm), AuNPs (56.5 nm) and template-formed features (36.8
nm). SEM images recorded at 15 kV show analyte AgNP in the center b) of template-formed

feature and at its edge c).

The main difference between imprinted and non-imprinted layers is that the
imprinted layers additionally consist of the template-formed features (Fig. 72a, labelled
with 36.8 nm). Most of the AgNPs were randomly arranged on the NIP surface. They are
rarely found in the center of features supposed to be nano voids (Fig. 72b). Some AgNPs
show a tendency to be attached to the edges of these features (Fig. 72c). SEM
investigations show a lower amount of analyte NPs on the NIP surface after the
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electrochemical detection of AgNPs and AuNPs (Fig. 73). Almost all of the remaining

particles are reduced in size, yet some retain their original size.

Figure 73. SEM image recorded at 15 kV of PPh/}./ITOpsptes @) before and b) after

electrochemical detection of analyte AuUNPs and AgNPs.

In Fig. 74 a SFM image of the surface shows the various features, which are also
observed during previous SEM measurements. The template-formed features could be
best visualized when choosing a height range of 5 nm (Fig. 74a), while the ring-shaped
structure is not always well pronounced. The values obtained for the size and the depth
are in agreement with values obtained by SEM (Fig. 62, size: 40-55 nm) and PF-SFM
(Fig. 64, height: <5 nm) measurements. Using a scale-bar of 20 nm gives a better view of
larger structures (Fig. 74b). The size of NPs ranges between 3.6-37.6 nm, with a clear
tendency to be decreased to sizes between 8.8-15.2 nm after electrooxidation. The high
magnification SFM image represents more detailed surface features than SEM (Fig. 74c).
So far, the reason for the incomplete stripping is unknown. But it is assumed that the NPs
might lose the electrical contact to the electrode surface during the oxidation and thus

remains undissolved.
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20.0 nm

10.0 nm

0.0 nm

0.0 nm

Figure 74. SFM images recorded in the intermittent mode at a scan rate of 1.0 Hz show the
topography of the NIP after electrochemical detection of analyte NPs at a scale bar of a) 5 nm
and b) 20 nm in a scan area of 3 um x 3 um. An enlarged view of a selected (0.5 um x 0.5 um)

area of a) and b) is shown in c) at scale bar of 5 nm.

Another possibility would be that the AgNPs have a larger diffusion coefficient
than the AUNPS, Dagne > Daune. This effect can be estimated from the Einstein relation
[Eq. (29-30)]:

kg T
D = — 29
AuNP 6 T 1 TAuNP ( )
kp'T
D = — 30
AgNP 6 7T 1) Tagnp ( )

where kg is the Boltzmann constant, # is the dynamic viscosity of the dispersion medium,

raune = 25 nm is the radius of AuNP, ragne = 10 nm is the radius of AgNP.

The ratio of the diffusion coefficient is therefore:

DagNp _ Taunp _ 25
ZANP _ TAWNP _ 20— 9 g (31)
Daunp Tagnp 10
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The diffusion coefficient influences the flux J(t) of NPs to a surface. Assuming a
diffusion-controlled process, where AgNPs would be most strongly favored over AuNPs,
the amount Nyp of particles colliding with the NIP surface within the exposure time t is
given by the integrated Cottrell equation, where cyp is the particle concentration in the
bulk:

Nnp = [J(t)dt (32)
= [ |22 % dt (33)
= [ [P, Ve (34)

= CNP

The ratio of the total amount of AgNPs and AuNPs impacting the surface under
diffusion-controlled condition is thus

NagNp DagNp  CAgNp CAgNP CAgNP
B A MNP (75 L eV g 5g . e (35)
Naune DauNP  Cpunp CAuNP CAuNP

As the object concentration of AgNPs and AuNPs in the dispersion is approximately
equal, the AgNPs collide with the film only 1.6 times more often. Figure 74 shows that
the ratio of bounded AgNPs is much larger than expected from the different diffusion

properties of both particle types.

In this part of the work it was successfully demonstrated that electrochemical
observation of the release of metal NPs is a very convenient method enabled by matrices
of a precisely controlled thickness. As an alternative way for the electrochemical removal
of AuNPs, the chemical oxidation using KCN solution was introduced. Furthermore, PPh

deposition at AUNP/ITOapres Offers a new way of selective NP coating.

Finally, the reuptake process was expanded to a competitive recognition concept,
in which the recognition ability of target NPs was examined from a mixture of two
populations of NPs of different size and of different elements, namely AuNPs and
AgNPs. The size selectivity of the films was demonstrated as a significantly higher
uptake capability was observed towards the 20-nm particles, since they are more similar

in size to the templates (~ 30 nm) than the larger 50-nm AuNPs.
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7. Summary

The aim of this project was the development of nanoparticle imprinted polymers or
matrices for investigating the interaction of NPs with interfaces in analogy to the well-
known concept of molecularly imprinted polymers. The matrices were obtained by
imprinting organic thin films with NPs that vary in the core material and ligand shell.
Upon an extraction of template NPs, complementary cavities were formed, which were
used for a selectively recognition of analyte NPs. This Chapter summarizes the developed

NIP systems and gives a conclusion with suggested direction for future investigations.

7.1 Investigated systems and conclusion

The initial approach for NIP fabrication was focused on the generation of a PDMS-matrix
imprinted by OA-stabilized Fe;O4-NPs with a mean diameter of 10 nm (Chapter 5.2).
Spin coating was used to form thin layers from a mixture of NPs and PDMS on flat glass
and ITO substrates. This technique allowed the formation of Fe3O4-NP thin film
composites with thicknesses of 5-8 nm. However, PDMS hardly offers any possibilities
to introduce specific interactions for NPs. Furthermore, there was no suitable
characterization method available to detect analyte NPs in the film. Therefore, no
reuptake studies have been undertaken and this particular system was not further

considered.

In the second approach (Chapter 5.3) it was shown that 2D nanocomposites
consisting of magnetic Fe;04,-NPs and OA can be successfully transferred to TSG
substrates using the Langmuir-Blodgett technique. This sub-monolayer of Fe;O4-NPs
could be released from the substrate surface in an external magnetic field of a permanent
magnet opening the route for the controlled, local and directed release of specified small
guantities of magnetic nanoparticles. The detection of iron oxide NPs in monolayer
amounts turned out to be more difficult than expected at least with simple
instrumentation. XPS was not promising for particle detection as it was not possible to
distinguish between NPs inside cavities and on the surface of the films. Nevertheless, PM
IRRAS measurement provides evidence of the presence of the OA monolayer on the TSG

substrate after template removal. As the attempts for anlayte reuptake failed, it was
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assumed that the lateral mobility and flexibility of oleic acid molecules in the matrix
reduces the specificity of imprinted cavities and that this system suffers from the lack of a

stable matrix after template removal.

In cooperation with the group of Professor Daniel Mandler the first nanoparticle
imprinted polymer combined with electrochemical detection was realized (Chapter 5.4).
The new sensor principle was successfully demonstrated with a poly(aniline) film
transferred simultaneously with template AuNPs by the Langmuir-Blodgett technique
onto an indium doped tin oxide substrate. Electron microscopic images after the transfer
showed randomly distributed NPs with insignificant agglomeration. As evident by SFM
measurements, films consisting of 3 LB layers of PANI and embedded AuNPs have a
thickness of 3 nm. The release of the AuNPs could be easily controlled and observed by
electrooxidation. In this system, SEM investigations after electrooxidation confirm the
formation of open cavities in the film. The recognition ability of the NIPs was examined
by inserting the template matrix in an AuNP containing alkaline solution, since the PANI
film is neutral at this pH and non-specific electrostatic attractions between the polymer
matrix and the negatively charged AuNPs are eliminated. It was possible to show that the
cavities are capable to re-capture analyte NPs with size-exclusion behavior. This was
accomplished by an electrochemical approach in the same way as used for the release of

the template NPs.

The last approach to obtain nanoparticle imprinted matrices was realized by
sequential deposition of template and matrix. First, electrostatic self-assembly enabled the
organization of randomly arranged AuNPs (30 nm in diameter) on APTES-modified ITO
substrates (Chapter 6.1). Subsequently, a thin polymer matrix with a thickness of 19 nm,
approximately the size of the used AuNPs, was produced by electropolymerization of
phenol (Chapter 6.3). Attempts to remove the AuNPs electrochemically failed, since the
insulating poly(phenol) layer passivates the particle and substrate surfaces. As an
alternative way to the electrochemical removal of AuNPs, the chemical oxidation using
KCN solution was successfully introduced. As evidenced by SEM images, template
AuUNPs could be completely removed, leaving their shape and size imprinted in the
polymer. Finally, the reuptake was processed using a competitive recognition concept in
which the recognition ability of target NPs was examined from a mixture of two
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populations of NPs of different size and of different elements, namely AuNPs and
AgNPs. The size selectivity of the films was demonstrated by a significantly higher
uptake capability for the 20-nm particles, since they are more similar in size to the
templates (~ 30 nm) than the larger 50-nm AuNPs.

7.2 Conclusion and outlook

In conclusion, this thesis demonstrates two different routes for NIP formation. One can
arrange the matrix from small molecular building blocks together with the template NPs
in an LB trough or assemble the matrix from polymeric building blocks in between the
NPs by electropolymerization. Based on results of this thesis, the sequential deposition of
template and matrix is proposed as an ideal way to prepare thin NIPs. This approach
allows a controlled release and reuptake of NPs by taking advantage of the interfacial
detection scheme. However, a breakthrough in selective recognizing of NPs requires

improvements in several interdependent aspects of the system.

The selection of the matrix material and the procedures for their formation are by
far the most critical components determining the success of selective recognition of NPs.
It is particularly important that the NIP-matrix has a smaller thickness than the diameter
of the NPs because thicker films would prevent the access to the solution phase. At the
same time, the formed cavity should also be thick enough to enable size exclusion and to
provide sufficient area for specific interaction. It was found that polymeric matrices are
much more robust than molecular matrices and preserve the shape and size of the cavities
after template removal. Electropolymerization of polymers with controllable thicknesses
offers an appealing approach to avoid a full coverage of template NPs by the polymeric
matrix. Two optional polymers, namely poly(phenol) and poly(plumbagin), were studied
in terms of thickness, rigidity and permeability. These experiments showed that
plumbagin-based films have the advantage of providing a free adjustment of the film
thickness and apparently enable a limited ionic conductivity. However, controlling the
thickness was only possible on plumbagin-grafted GC electrodes. A requirement to
realize NIP systems in combination with plumbagin-based matrices would be finding a

satisfying way to assemble template NPs on grafted plumbagin layers. From the
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experience made during the investigations of phenol-based matrices, it is evident that the
simultaneous deposition of polymers might occur on the substrate and on the template
NPs. This could be prevented if electropolymerization can be guided towards the
electrode surface rather than to the NPs by using an appropriate stabilizing shell or a non-
conductive core of the template NPs. A preliminary study on assembling SiO,-coated
AuNPs at hydroxyl-terminated GC electrodes was shown in the Master thesis of Anne
Staggenborg. Embedding such NPs into poly(plumbagin) films represents an interesting
future extension of the NIP concept. However, in case of SiOj-particles the choice of
appropriate substrates is limited because their removal by hydrofluoric acid will also

affect substrates if it is made of SiO».

In this thesis, two NIP systems are demonstrated with size-exclusion properties.
However the assessment of selectivity remained largely open due to limited tuning
possibilities in these systems. The next step in developing NIP systems will include
recognizing NPs based on their shell. For this purpose, matrix materials should enable the
introduction of functional groups or manipulation of the surface charge by control of the
pH. Both allow tuning the selectivity towards particular NP shells. For example,
molecular layers grafted by the reduction of aryldiazonium layers may contain a variety
of functional groups such as nitro, hydroxyl or carboxyl.”®8! Poly(ethylenimine) offers
another attractive opportunity to introduce certain chemical groups capable of forming
selective polymer-mediated interactions. However, all polymers need to be characterized
in terms of the layer thickness or morphology before they can be classified as suitable for
the preparation of thin NIPs.

All studies show that the characterization of NIPs is not trivial, providing one of
the most challenging tasks of this thesis. Imaging of small cavities via SFM turns out to
be rather difficult due to the appearance of convolution effects. Furthermore, the blocking
properties of the composites cause charge accumulations during SEM measurements.
XPS was not promising for the detection of particles in monolayer amounts and it was not
possible to distinguish between NPs inside cavities and on the surface of the films.
However, electrochemical observation of the NP release turns out to be a very convenient
tool enabled by matrices of a precisely controlled thickness. The lack of an ohmic contact
between embedded particles and the substrate would prevent the dissolution of NPs.
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Thus, the current during dissolution of metal NPs gives an immediate and quantitative
indication about the success of the removal step. This is shown to be highly effective at
discriminating between those NPs that are inside the cavities in an ohmic contact to the
electrode surface and the non-specifically adhering NPs at the matrix surface. Other
analytical methods besides those based on electrochemistry should be tested for
observing the NPs captured in cavities because not all interesting NPs are
electrochemically active in the accessible potential range. Single nanoparticle
spectroscopy® is another appealing approach to detect NPs. It could be used to
characterize transport properties in solution and motion on NIP surfaces at a single

particle level.

NIP materials can also be used to form systems capable of a controlled or even
switchable release of small amounts of NPs. This could be another interesting approach
for further development of NIP systems. A controlled release could be for instance

valuable for microanalytical or nanoanalytical procedures.
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8. Appendix

Al SFM thickness determination (Chapter 5.1)

a) non-imprinted b) imprinted

Stepheigh . Shohieh

Step height Step height ‘
6.011 nm 18140 nm_ |
c) removed d) reuptaked
Stepheight
Stepheight
AA Ak
Step height

% 9.255 nm

Figure Al. Primary data for thickness determination by SFM after local mechanical removal of the

polymer film; a) non-imprinted poly(scopoletin), b) poly(scopoletin) imprinted with ferritin, c)
imprinted poly(scopoletin) after removal of ferritin with 5 mM NaOH for 20 min; d) sample c) after

template rebinding from 500 nM ferritin solution for 30 min.
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A2 SFM section profile determination (Chapter 5.1)

a) non-imprinted b) imprinted

Section Analysis " v Seetion Ana s

Figure A2. SFM determination of typical object heights in the poly(scopoletin) films; a) non-
imprinted poly(scopoletin), b) poly(scopoletin) imprinted with ferritin, ¢) imprinted poly(scopoletin)
after removal of ferritin by 5 mM NaOH for 20 min; d) sample of c) after rebinding from 500 nM

ferritin solution for 30 min.
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B1 SFM thickness determination of poly(plumbagin) (Chapter 6.2)

a) = b) -

Step height

o B Step height Step height
e o 11.019 nm [ 13.208 nm
Z g -; - . ‘
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25.919 nm
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H Step height
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Step height
67.026 nm 70.790 nm

Figure B1: Thickness determination by SFM using a MSCT SFM tip (k=0.6 N m‘l). a)
polyPLG/GC (from 5 deposition cycles, b) polyPLG/GC from 25 deposition cycles, c) polyPLG/GC
from 50 deposition cycles, d) polyPLG/PLG/GC from 10 deposition cycles, e) polyPLG/PLG/GC
from 25 deposition cycles, f) polyPLG/PLG/GC from 50 deposition cycles, g) polyPLG/PLG/GC
from 100 deposition cycles; h) polyPLG/PLG/GC from 10 deposition cycles.

Step height ‘

127



Appendix

B2 SEM images of bare GC and polyPLG/GC (Chapter 6.2)

Figure B2. SEM images recorded at 15-25 kV of a) bare GC and b) polyPLG/GC film thickness 12
nm (from SFM) after 25 potential cycles in 0.2 mM plumbagin in deaerated phosphate solution pH
7.

128



Appendix

C1 SFM thickness determination of poly(phenol) films (Chapter 6.3)

Table C1. Experimental details and results for SFM thickness and roughness determination of

PPh films and NIP films. Thickness determination were performed in contact mode, with a MSCT

tip, k = 0.6 N m™ and roughness determination in intermittent mode, with a NCHV-A tip, k = 42

N m ' of electrochemically deposited polyphenol on a) PPh/ITO, b) PPh/AuNP/ITOapTES @nd of c)

NIPs after template removal in KCN (PPh/{}¢/ITOapTES), While polymer layers at bare ITO

electrodes show a similar surface roughness and film thicknesses as observed at ITOapTes (NOt

shown). Hence, untreated ITO samples were used for all control experiments in analogy to

ITOAPTES.
Scan rate RMS roughness | Thickness
[nm] [nm]
a)
24 Hz 3.17 16.6-17.8
L 4o A
b)
6.1 Hz o 3.68 19.3-23.3
To“ A1oo A 200 8.00
c)
3.9Hz 1.00 19.0-234
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C2 Complementary investigations of phenol electropolymerization at a bare
Aul/glass electrode by cyclic voltammetry and scanning force microscopy (Chapter
6.3)

Electropolymerization of phenol on Au/glass electrodes (Fig. C2a) was conducted in
aqueous solution containing 50 mM phenol + 0.1 M NaH,PO,. The enlarged scale of the
first two backward scans of the CV is shown in Fig. C indicating a barely visible gold
reduction signal at 0.64 V (Fig. C2b).

180

] 25 -
a) 450- R :b)
] —— PPh/Au/glass i 204
140 4
120 : 151
100 - 10
< E P
Z 804 Z 5
601 0
401
J 2) : 5
20 1 - — 1% cycle
1 i i -10 o
04 & 30) 2" cycle
220 hi— ; ! mm— -15 \ : .

T T . T H
0.0 0.2 0.4 0.6 0.8 1.0 1.2

T T T
00 02 04 06 08 10 12 :
£/V vs. Ag/AGCI (3 M NaCl) L e ot S AGAGCL B MNACH s

Figure C2. a) The 1%, 2"" and 30" cv during the electropolymerization of phenol in an aqueous
solution containing 50 mM phenol + 0.1 M NaH,PO, at v = 50 mV s* at a bare Au/glass
electrode. b) Enlarged view of the first two cycles indicating the gold oxide/hydroxide reduction

process at 0.6 V.
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C3 Permeability test of KCN treated samples (Chapter 6.3)

Additional examples of CVs in Fig. C3 representing the change in permeability at a)
PPh/AUNP/ITOpaptes and b) PPh/ITO before (black curve) and after (grey curve)
exposing samples to aqueous 6 mM KCN etching solution. The electrode area was
defined by mounting the samples as the bottom of the cylindrical liquid reservoir of a
Teflon cell with an exposed area of 0.502 cm?. Selected samples in Fig. C3 represent

typically observed CV characters.

1/ pA
P83
1 1 1 L
I/ pA
<« o2}
1 I

164 —PPh/}'\LINF’./ITC)AFTES 104 ——PPh/ITO
8] PPh/QITO, , { PPh/ITO, . after KCN
20 =124
-22 T T T T T T T T 1 '14 T T T T T T T 1
0.8 0.5 04 0.3 0.2 041 0.0 0.1 02 06 -05 -04 -03 -02 -01 00 0.1 0.2
E/V vs. AgAgCI (3 M NaCl) E 'V vs. AgAgCI (3 M NaCl)

Figure C3. CVs recorded in 1 mM [Ru(NH;)e]Cl; + 0.1 M KCI at a scan rate of 0.1 Vs™ at a)
PPh/AUNPs/ITOaptes and b) PPh/ITO before (black curve) and after (grey curve) KCN treatment.

131



Appendix

8.1 Abbreviation

AFM

Au/glass

AgNP

AuNP
AUNP/ITOppres

APTES

BSE

C5, C25, C50, C100/ITO
C5, C25, C50, C100/ITO

CE
CFM
CNT
cv
DLVO theory
EDX
ESEM
et al.
GC
HEPES
ITO

LB
LFM
LSV
MIP
MWCNT
NIP

NP
NSL
OA
PANI
PDMS
PEDOT
PFM
PLG

atomic force microscopy

glass slides covered with a thin gold layer and used as WE
silver nanoparticle

gold nanoparticle

samples after immobilization of AuNPs onto APTES-modified ITO
substrates

3-(aminopropyl)triethoxysilane

backscattered electrons

NIP named depending on the amount of NPs added to the spin-coting
solution and the nature of the substrate (C = composite, number =
particle amount in pl, substrate = glass or ITO)

counter electrode

chemical force microscopy

carbon nano tubes

cyclic voltammogram

Deyagin-Landau and Verwey-Overbeek theory

energy dispersive X-ray spectroscopy

enviromental scanning electron microscopy

from latin et (and) alii (others)

glassy carbon
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

idium tin oxide

Langmuir-Blodgett

lateral force microscopy

linear sweep voltammetry

molecularly imprinted polymer

multi-walled carbon nanotubes

nanoparticle imprinted polymer

nanoparticle

nanosphere lithography

oleic acid

poly(aniline)

poly(dimethylsiloxane)

poly(3,4-ethylenedioxythiophene)

pulsed-force mode

plumbagin
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8.2

polyPLG/GC
polyPLG/PLG/GC

PMIRRAS
PPh
PPh/AUNP/lTOApTES

PPh/ITO
I:)Ph/{}ec/”—OAPTES

PPh/{}o/1TOppres

PPh/{AgNP}ITOppres

PPh/{AU N P}/lTOApTES
RAM

sample after electropolymerization of plumbagin on bare GC

sample after electropolymerization of plumbagin on a grafted
monolayer of plumbagin on GC

polarization modulation infrared reflection adsorption spectroscopy
poly(phenol)

NIPs prepared by electropolymerization of PPh on AUNP/ITO apres
substrates

samples after electropolymerization of PPh on ITO

NIP after electrochemical removal of AuNPs from a PPh matrix on
APTES-coated ITO

NIP after chemical removal of AUNPs from a PPh matrix on APTES-
coated ITO

NIP after reuptake of analyte AgNP

NIP after reuptake of analyte AUNP

randomly arranged microelectrodes

RE reference electrode

RMS roughness root mean square roughness

SE secondary electrons

SEM scanning electron microscopy

SFM scanning force microscopy

SMFS single molecule force spectroscopy

STM scanning tunneling microscopy

SWCNT single-walled carbon nanotubes

TLD through lens detector

TSG template stripped gold

UHV ultra high vacuum

uv ultra violett

WE working electrode

XPS X-ray photoelectron spectroscopy

2D two-dimensional

3D three-dimensional
Symbols

A area

a stoichiometric number of CI " ions

B conditional brutto stability constant

c° standard concentration
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c(Au®h)
c(Clh)
c(AuCly)
o*

Cp

CAuNp

¥
CagNP

z[,\u/Au3+)
Ez[,\u/Au3+)
F

fo

AF

Inp

1 \pec

Ig

IRAM

J

jo
JRAMexpected
I

k

ke

I

T

m

Maunp

Nnp

NAuNP

concentration of gold ions

concentration of chloride ions

concentration of the tetrachloroaurate(l11) complex
bulk concentration of [Ru(NHs)]****

bulk concentration of NPs

bulk concentration of AuNPs

bulk concentration of AgNPs

total concentration of metal ions
thickness of the cantilever

diffusion coefficient

diffusion coefficient of NPs

diffusion coefficient of AUNPs

diffusion coefficient of AgNPs

potential

start potential of the AuNP oxidation peak
end potential of the AuNP oxidation peak
shift of the gold oxidation potential

standard potential of gold in water
standard potential of gold in agueous potassium chloride solution

Faraday constant

frequency

force acting between SFM tip and specimen

number of NPs determined from counting NP density in SFM images
number of electrochemically dissolved NPs
diffusion-limited currents at an inlaid nanoelectrode
diffusion-limited currents at a recessed nanoelectrode
flux of NPs

experimentally measured current

expected current

current

spring constant

Boltzmann constant

length of the cantilever

polymer film thickness

mass of the cantilever

mass of one AuNP with a diameter of 30 nm

amount of NPs

amount of AuNPs
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NAgNP
n;
Nau

n
n

P
Q/A
Qtotal

Qaune
R

r

rRaM
I aunp

I'agnp

VAuNP

N < < X X =

amount of AgNPs

number of transferred electrons

amount of gold atoms in one NP

dynamic viscosity

surface pressure

density

charge density

integrated charge

required charge to remove one AuNP with a diameter of 30 nm
gas constant

NP radius

radius of the active area of an individual inlaid nanoelectrode
radius of AuUNP

radius of AgNP

temperature

time

volume of one AuNP with a diameter of 30 nm

width of the cantilever

recess factor

extension and retraction of the piezoelectric scanner in x-direction
Young’s modulus (coefficient of elasticity)

extension and retraction of the piezoelectric scanner along the y-axis
extension and retraction of the piezoelectric scanner along the z-axis

deflection of the cantilever
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