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Abstract

As the utilization of artificial nanoparticles (NPs) continues to rise, there is a growing
need for analytical tools capable of not only detecting NPs but also distinguishing them
based on properties influencing their toxicological potential. These properties include
the chemical composition of the core and ligand shell, as well as size, shape, and
specific interactions with biological interfaces. Nanoparticle-imprinted matrices (NAIM)
are a recent concept for detecting and sensing NPs by considering their size, shape,
and surface charge. Like molecularly imprinted polymers (MIP), NAIM involves
creating a polymeric matrix around template NPs attached to a substrate. After
removing the template NPs, complementary cavities are formed, enabling selective

capture of analyte NPs with comparable size and shape to the original templates.

In contrast to the previous NAIM systems, where conducting template NPs were
used, insulating template NPs like carboxyl and amine-modified silica (SiO2) NPs, and
sulfate-modified polystyrene (PS) NPs are used in this thesis to imprint the cavities.
This enables the removal of the template and the detection of analyte NPs through
orthogonal methods. The thorough removal of template NPs and the resulting cavities
were investigated using scanning electron microscopy (SEM) and atomic force
microscopy (AFM). This thesis outlines various methods for tuning the matrix to
enhance its affinity for the analyte NPs. This was achieved through the
electrodeposition of matrices with beneficial functional groups or through post-covalent
modification of the matrix. The quantification of analyte NPs within the cavities was
determined through the charge transferred during the electrodissolution of analyte NPs
using linear sweep voltammetry (LSV). The uptake depends on factors such as the
functional groups present in the matrix, covalent modification, the pH during uptake,
and the size matching of the template and analyte NPs. The electrodeposition and
covalent modification of the matrix were examined with cyclic voltammetry (CV), and
the presence of functional groups in the film was validated through X-ray photoelectron

spectroscopy (XPS).



Zusammenfassung

Weil die Verwendung von kunstlichen Nanopartikeln (NPs) weiter zunimmt, besteht ein
wachsender Bedarf an Analysewerkzeuge, die NPs nicht nur nachweisen, sondern
auch nach denjenigen Eigenschaften unterscheiden kdnnen, die ihr toxikologisches
Potenzial beeinflussen. Zu diese Eigenschaften gehdren die chemische
Zusammensetzung des Kerns und der Ligandenhille sowie die GréRe, Form und
spezifische Wechselwirkungen mit biologischen Grenzflachen. Die mit Nanopartikeln
bedruckten Matrizen (NAIM) sind ein neueres Konzept fur den Nachweis und die
Erkennung von NPs unter Berucksichtigung ihrer Grélke, Form und
Oberflachenladung. Ahnlich wie bei molekular gepragten Polymeren (MIP) beinhaltet
das NAIM-Konzept die Schaffung einer polymeren Matrix um Templat-NPs, die an
einem Substrat gebunden sind. Durch Entfernen der Templat-NPs werden
komplementare Kavitaten gebildet, die einen selektiven Aufnahme von Analyt-NPs mit

vergleichbarer Gréf3e und Form wie die urspringlichen Template ermdglichen.

Im Gegensatz zu den bisherigen NAIM-Systemen, bei denen elektrisch
leitfahige Template-NPs zum Einsatz kamen, werden in dieser Arbeit isolierende
Templat-NPs wie Carboxyl- und Amin-modifizierte Siliziumdioxid-NPs (SiO2) und
Sulfat-modifizierte Polystyrol-NPs (PS) zur Pragung der Kavitaten verwendet. Dies
ermoglicht die Entfernung der Template und die Detektion von Analyt-NPs durch
orthogonale Methoden. Die grundliche Entfernung der Templat-NP und die Bildung der
entstandenen Kavitaten wurden mit Hilfe der Rasterelektronenmikroskopie (SEM) und
der Rasterkraftmikroskopie (AFM) untersucht. In dieser Arbeit werden verschiedene
Methoden zur Einstellung der Matrix beschrieben, um ihre Affinitat fir die Analyt-NP zu
erhdhen. Dies wurde durch die elektrolytische Abscheidung von Matrizen mit
vorteilhaften funktionellen Gruppen oder durch nachtragliche kovalente Modifikation
der Matrix erreicht. Die Quantifizierung der Analyt-NP in den Kavitaten wurde durch
den Ladungstransfer wahrend der elektrolytischen Aufldsung der Analyt-NP unter
Verwendung der linearen Sweep-Voltammetrie (LSV) bestimmt. Die Aufnahme hangt
von Faktoren wie den in der Matrix vorhandenen funktionellen Gruppen, der
kovalenten Modifikation, dem pH-Wert wahrend der Aufnahme der Analyt-NPs und der
Grollenubereinstimmung von Templat- und Analyt-NPs ab. Die elektrolytische

Abscheidung und die kovalente Modifikation der Matrix wurden mit Cyclovoltammetrie



(CV) untersucht, und das Vorhandensein funktioneller Gruppen im Film wurde durch

Roéntgen-Photoelektronenspektroskopie (XPS) validiert.
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1 Introduction

As per the International Organization for Standardization (ISO) definition, nanoparticles
(NPs) are exceptionally fine particles, with at least one dimension falling within the
range of 1 to 100 nanometers.['l Owing to their small size and remarkable surface area-
to-volume ratio,” NPs exhibit diverse physical and chemical characteristics setting
them apart from their bulk counterparts. Consequently, they have gained substantial
attention for a broad spectrum of applications. Depending on their chemical
composition, NPs can be categorized into various types, including metal NPs,
semiconductor NPs, ceramic NPs, carbon-based NPs, and polymeric NPs, among
others. These NPs find extensive use in a wide array of applications, serving as
effective adsorbents,® carriers for drug delivery,*-%l fillers,[”8] components in
electronics,®""1 additions to food industry,® ingredients in cosmetics, plasmonic
absorbers,!'>-1 and catalysts,[® 16171 to name just a few. This widespread usage of NPs
raises concerns about the uncontrolled release of NPs to the ecosphere, where they
may have toxic effects that are different than those of the corresponding bulk
chemicals. Nanotoxicology has emerged as a scientific discipline dealing with the
toxicity of NPs and the specific way in which nanosized matter interacts with living

organisms.[18-24]

The physical and chemical properties like size, shape, and ligand shells define
the toxicity of NPs.I”2>-271 Through dermal contact, ingestion, or inhalation, NPs can
enter biological organisms and can cause inflammation, oxidative stress in the lungs,
and can damage the epithelial cells.?®! For example, developmental toxicity,
genotoxicity, membrane damage, and cytotoxicity®®! are several potential adverse
effects upon exposure to silver NPs. Studies have shown that silver NPs of 20 nm in
diameter are more hazardous than larger NPs.[?] Likewise, the ligand shells on the NP
surface profoundly influence the toxicity of NPs.[?7] The ligand shell of NPs can interact
with biological cells via the surface charge, thereby disrupting the cell structure leading
to cellular death. It can also induce the formation of reactive oxygen species which are

toxic to the cells when it exceeds the ambient concentration within the cells.[27:30]

In light of these considerations, an increasing need has arisen for analytical

tools capable of identifying and distinguishing NPs based on the factors that influence
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their potential for toxicity. Recent research has explored numerous detection and
analysis methods, such as optical techniques involving light scattering [3-33], electrical
diffusion charging ¥4, and electrochemical detection via nanoparticle collision[35-37],
Nonetheless, there remains a demand for sensing tools that can effectively respond to
the size, shape, and surface charge of NPs while being simultaneously simple, cost-

effective, and user-friendly.

non-specifically
adsorbed analyte NPs

specifically adsorbed
analyte NPs

nanocawtles d) N
Aﬁ —> & —> _ —>

Figure 1. Schematics of the NAIM system. a) substrate after the attachment of template NPs, b) formation of the matrix around

template NPs matrlx

the template NPs, c) removal of template NPs forming complementary cavities and c) NAIM system after the exposure to analyte
NPs.

The recent development of nanoparticle-imprinted matrices (NAIM) represents
an innovative approach for the detection and sensing of NPs based on their size,
shape, and surface charge characteristics.[3343 This concept is analogous to the well-
established concept of molecularly imprinted polymers (MIP).[44-471 In essence, a
polymeric matrix is created around the template NPs, firmly attached to a substrate.
Subsequent removal of the template NPs results in the formation of complementary
cavities, designed to capture analyte NPs with similar size and shape as the original
template NPs, as shown in the schematics in Figure 1. Research into NAIM systems
has unveiled various factors influencing their remarkable uptake capability. One crucial
parameter is the thickness of the matrix, which should not exceed the radius of the
template NPs to prevent incomplete template NP removal or the formation of indistinct

cavities.4148l

The term "specific adsorption” is used to describe those NPs situated within the
cavities, while "non-specific adsorption" refers to NP attachment to the NAIM-solution
interface outside of imprinted cavities (Figure 1). When NAIM films are considerably
thinner than the radius of the template NP, distinguishing specific from non-specific
uptake becomes more challenging, both in terms of binding strength and potential
detection methods. Additionally, the chemical composition of the matrix plays a

significant role in NAIM selectivity. For instance, the uptake potential of a p-
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aryldiazonium-based matrix is notably influenced by the functional groups located at
the p-position, while slight alterations in the stabilizing shell around Au NPs can have
a substantial impact on their recognition by a p-carboxyphenyldiazonium-based

matrix.[40.48],

Advancements in NAIMs can be significantly enhanced through the application
of electrochemical techniques, offering precise control over matrix thickness in the
nanometer range through methods like electropolymerization and electrografting.!
Electrochemical approaches such as cyclic voltammetry (CV), chronoamperometry
(CA), or linear sweep voltammetry (LSV) are cost-effective means for detecting metallic
NPs via electrodissolution (read-out).[*8] NAIM systems featuring electropolymerized
polyphenol or electrografted diazonium-based matrices have been studied and have

demonstrated stability during subsequent handling steps.[4041.48]

This thesis places its central emphasis on developing a robust preparation
protocol, which involves simultaneously producing thin films and facilitating flexible
tuning for functional groups and addressing the challenges related to preserving
structural rigidity, maintaining cavity shape, and achieving selective targeting of
nanoparticle populations. In this thesis, NAIM systems were developed integrating
insulating template NPs alongside conducting analyte NPs. The research used a
combination of microscopic, electrochemical, and spectroscopic techniques for
characterizing the NAIM system. The deposition of the film, along with subsequent
modifications for tuning of the film, was monitored through cyclic voltammetry (CV),
while the compositions of the films were analyzed using X-ray photoelectron
spectroscopy (XPS). The uptake of analyte NPs was investigated using linear sweep
voltammetry (LSV). Scanning electron microscopy (SEM) was employed to
characterize the NAIM system at different stages of preparation. Topography imaging
and thickness determination of various films were acquired using atomic force
microscopy (AFM). The synthesized NPs were characterized using transmission

electron microscopy (TEM).

The thesis commences by introducing the underlying concept (Chapter 1) upon
which the work has been developed. Chapter 2 provides an overview of current NAIM
systems and highlights key findings and conclusions. Chapter 3 outlines the high-
resolution techniques utilized in the study, while Chapter 4 provides a summary of the
experimental details. Chapters 5 covers the study of developed plumbagin-based

3



NAIM system and explore further investigations into their efficacy in the uptake of
analyte NPs. Chapter 6 outlines the utilization of PS NPs as template NPs along with
the associated challenges. Chapter 7 explores aryldiazonium-based NAIM systems

and their effectiveness in selectively recognizing analyte NPs.



2 Nanoparticle-Imprinted Matrices

Nanoparticle-imprinted matrices (NAIM) are innovative materials designed for the
precise recognition and capture of NPs based on their unique size, shape, and surface
properties. NAIMs hold promise for various applications, particularly in the field of
nanoparticle detection and sensing, offering a tailored approach for the effective and
specific interaction with NPs of interest. This chapter delves into the established NAIM

systems and highlights the key insights obtained from the research.

2.1 Realized NAIM Concepts

NAIMs share the concept of MIPs[44-47.50-52] of creating selective recognition materials.
Both MIPs and NAIMs involve the use of a template to create specific binding sites
within a polymer matrix. MIPs are designed to imitate the binding sites of a particular
molecule, allowing them to selectively capture that molecule upon recognition. This is
typically employed in chemical sensors and separation techniques.%3%4 NAIMs are
tailored for the detection and capture of NPs, focusing on attributes like size, shape,
and surface charge.[3840.41.48] However, there are also important conceptual differences
between NAIMs and MIPs: Molecular analytes can reach binding sites in three-
dimensional MIP materials through a pore network that is created during the formation
process. NPs are much larger than molecular analytes and therefore, binding sites for
NP must be located at the surface of NAIMs. This difference has implications for the

suitable detection techniques for the material uptake in MIPs and NAIMs.

The formation of hollow spheres by removing incorporated gold NPs (Au NPs)
from the polymer matrix has been previously investigated.l5-%"] In these instances, the
polymer matrix was created either by polymerizing the ligand shell around the Au NPs
or through reactions with other functional reagents. The primary drawbacks included
the generation of materials that were insoluble and challenging to characterize.l%8
Addressing these challenges, Koenig et al.l58 developed bulk nanoparticle-imprinted
polymers, marking the first instance of their use in selectively recognizing Au NPs. The
acrylate terminated Au NPs were copolymerized with bulk monomers, leading to the
formation of nanoparticle-imprinted polymers. Subsequently, the Au NPs were

removed from the system to yield nanoparticle-imprinted polymers. Significant
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amounts of crosslinking agents and porogen ( a material additive that remains non-
reactive with the monomer but is employed to induce pores in the resultant polymer.)
were added to achieve rigid and porous nanoparticle-imprinted polymer.[%8 Due to the
challenges posed by intricate synthesis, limited versatility, difficulty in template
removal, and non-uniformity, new approaches were devised for the development of
NAIMs.

Size-selective recognition of NAIMs were first reported by Kraus-Ophir et al.*8l
They effectively employed the Langmuir-Blodgett (LB) technique to transfer one to
three layers of polyaniline films of thickness varying from 1 to 3 nm, along with citrate-
stabilized gold NPs (Au-Cit NPs) measuring 15 nm and 33 nm in diameter, onto an
indium-doped tin oxide (ITO) substrate. The removal of the Au-Cit NPs from the system
via the electrooxidation of Au led to the creation of cavities within the structure. These
cavities were then examined to assess their capacity for selective uptake of analyte
NPs, revealing their effectiveness in recognizing NPs based on size. This study is the
first to emphasize the significance of matrix thickness in achieving selective

nanoparticle recognition.

Bruchier-Spaniel et al.*8 utilized the Langmuir-Blodgett (LB) method to
investigate the uptake ability of a NAIM system. The matrix was developed by
transferring 4 nm AuNPs stabilized with 1-dodecanethiol and cellulose acetate at the
air-water interface onto an ITO surface. The thickness of the film was adjusted by
depositing between one and five monolayers. The electrochemical dissolution of the
Au NPs led to the creation of the cavities, which was subsequently employed to assess
the uptake capability. The findings revealed a substantial enhancement in the
recognition capacity of Au NPs, particularly beyond two cellulose acetate LB layers,
creating deeper nanocavities that improved selectivity and supramolecular
interactions. The system exhibited remarkable specificity, displaying a strong
preference for Au NPs with the same alkanethiol capping agent as the originally
imprinted Au NPs. A significant limitation of LB method is the coverage of matrix over
the Au NPs, which leads to their incomplete removal from the NAIM system and limited

control over the distribution of template Au NPs.

Hitrik et al.3l established a NAIM system through a layer-by-layer approach.

The substrate surface was initially coated with a positively charged polyethyleneimine

(PEI) layer, serving to adhere the negatively charged Au NPs. Subsequently, the matrix
6



was constructed through the layer-by-layer adsorption of oleic acid (OA) and
polyacrylic acid (PAA). The cavities formed following the electrooxidation of Au NPs
were examined for their capacity to capture analyte NPs of different core materials,
specifically, Au and Ag NPs. These cavities effectively recognized Au and Ag NPs with
comparable sizes to those of the template Au NPs. This demonstrates that despite
differences in core material of template and analyte NPs, NPs of similar sizes and

shells can be recognized.

Witt et al.l*'l successfully employed electrochemical deposition to achieve
matrix of controlled thickness in their NAIM system. Following the adsorption of 40 nm
Au NPs on 3-(aminopropyl)triethoxysilane (APTES)-functionalized ITO, a self-limiting
polyphenol film with a specific thickness was electrodeposited as the matrix. The
cavities created after the removal of Au NPs via electrodissolution were evaluated for
their capacity to capture 20 nm Ag NPs and 50 nm Au NPs with similar ligand shells.
The size selectivity of the cavities imprinted by 40 nm Au NPs was evident through the

notably high uptake of 20 nm Ag NPs over 50 nm Au NPs.

A study conducted by Bruchiel-Spaniel et al.[*?l aimed to examine in detail how
the properties and thickness of the matrix influence the recognition capabilities of the
NAIM system. The matrix was formed through the electrografting of p-aryldiazonium
salts, each carrying distinct functional groups. Specifically, the matrix created from 4-
(hexyloxy)phenyldiazonium tetrafluoroborate was compared to the matrix developed
from 4-(carboxy n-hexyl ester)phenyldiazonium tetrafluoroborate to assess the
recognition capabilities of the NAIM system for analyte Au NPs. The latter
demonstrated the highest uptake due to the supramolecular interactions occurring
between the cavities and Au NPs. The uptake potential of a p-aryldiazonium-based
matrix was highly influenced by the functional groups present at the p-position. When
examining the impact of film thickness on uptake capacity, it has become apparent that
achieving an optimal thickness in relation to the size of the template and analyte NPs
is crucial for efficient uptake. Figure 2 illustrates a schematic depicting the impact of
thickness of the matrix on the selectivity of NAIM. Excessively thick matrices may result
in incomplete template NP removal or the formation of poorly defined cavities.
Conversely, if the matrix layer is too thin, distinguishing specific from nonspecific
uptake becomes increasingly challenging, affecting both binding strength and potential
detection methods.



electrochemical
dissolution of NPs

a b C d

too thin for efficient size exclusion.

optimal thickness for efficient size exclusion.

too thick for effective size exclusion

Figure 2. Schematics to show the optimal matrix thickness: a) matrix has grown over the NPs, hindering
their complete dissolution., b) matrix thickness surpasses the radius of the NPs, resulting in the
formation of cavities lacking size exclusion properties, ¢) matrix thickness within the range of the radius
of the template NPs, potentially demonstrating effective size exclusion and d) matrix lacks the thickness

required to demonstrate size exclusion properties.

A similar study has revealed that even subtle modifications to the stabilizing
shell enveloping Au NPs profoundly impact the recognition ability of the NAIM system.
Zelikovich et al.*9 jllustrated this using Au NPs stabilized by various carboxylic acid-
bearing thiols. In this research, three unique NAIM systems were established through
the imprinting of Au NPs, each with distinct carboxylic acid-bearing thiols for
stabilization. The matrix was developed via electrografting from 4-
carboxyphenyldiazonium salts. Upon examining these systems for their recognition
abilities with three different analyte Au NPs, it became evident that the matrix exhibited
remarkable selectivity toward the originally imprinted Au NPs. A similar study was
conducted with Au NP stabilized by different isomers of mercaptobenzoic acid.®® The
uptake was studied in detail using Raman Spectroscopy and electrochemistry, where

matrix exhibited high selectivity towards the originally imprinted Au NPs.

NAIM systems have demonstrated the ability to selectively recognize NPs
based on their size, even when the core materials differ. This size selectivity is a critical

feature of NAIMs, enabling the discrimination of NPs with similar sizes but distinct core
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materials. The thickness of the matrix is a critical factor in achieving effective
nanoparticle recognition. An optimal matrix thickness relative to the size of both
template and analyte NPs is necessary for efficient uptake. The chemical nature of the
matrix plays a significant role in the selectivity of NAIM systems. The presence of
functional groups and modifications in the stabilizing shell around NPs can have a

substantial impact on recognition.

One of the primary challenges in NAIM development is the incomplete removal of
template NPs from the matrix. When the analyte and template NPs share the same
material composition, there exists a risk that incompletely removed template NPs might
be erroneously counted as analyte NPs during the detection phase. The problem is
addressed in the thesis through the utilization of analyte and template NPs featuring
different core materials (Chapter 5 — 7). Specifically, the template NPs are insulating in
nature, serving to prevent excessive film overgrowth during the electrodeposition
process. The post modification of the matrix properties specifically for analyte NPs had
not been pursued previously, despite the use of various matrices with different
functional groups. This thesis investigated the adaptability in tuning matrix properties

by introducing diverse functional groups and adjusting the pH (Chapter 5).



3  Applied Characterization Techniques for NAIM Systems

This chapter explores the employed high-resolution methodologies for the
characterization of NAIM systems. This includes standard techniques such as cyclic
voltammetry (CV) and linear sweep voltammetry (LSV) utilized in the development and
study of NAIM. The utilization of optical imaging methods is impractical due to their
limited resolution. Surface-sensitive techniques such as scanning electron microscopy
(SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM) and
X-ray photoelectron spectroscopy (XPS) were utilized for a detailed examination of the

system.

3.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is an electrochemical technique employed for in-depth
investigations into the electrochemical behavior of chemical species, particularly
regarding their redox properties and reaction kinetics. The most basic electrochemical
cell comprises an electrolyte-filled glass beaker containing a working electrode,
auxiliary electrode, and reference electrode immersed in the electrolyte solution. In CV,
the voltage is swept between two values (E1 to E2) at a fixed scan rate, v (Figure 3b),
however once the voltage reaches Ez, the scanning direction is reversed, and the
voltage is swept back to E1. When the potential is applied between the working and
reference electrode, the current flows between the working and auxiliary electrode.
This current is plotted against the applied potential.[661 Figure 3c shows a typical
cyclic voltammogram of 1 mM ferrocene methanol in 0.1 M tetrabutylammonium
hexafluorophosphate/acetonitrilie (TBAPFs/ACN) at 0.1 V s'. When the potential is
swept exclusively from E1 to E2 (as illustrated in Figure 3a), this technique is referred
to as linear sweep voltammetry (LSV).167

In the thesis, the blocking property of electrodeposited films were investigated
with the help of a reversible redox couple. The formal potential (E°’) for a reversible
electrochemical reaction is the mean value of anodic (Epa) and cathodic potentials
(Epc):

_ Epa + Epc

2
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Figure 3: Potential waveform for a) linear sweep voltammetry and b) cyclic voltammetry and c) cyclic
voltammogram of 1 mM FcMeOH + 0.1 M TBAPFe/ACN at 0.1 Vs™'.

The separation between anodic and cathodic peak potentials of diffusing redox couple

is calculated using the following equation:

RT
A, = Epa — Epe = 2.218—

Peak current (/) is proportional to the square root of scan rate v'’?for electrochemically

reversible electron transfer process, described by the Randles-Sevcik equation:

1/2

nFvD
Ip = 0.4463nFcA< BT >

where R is the gas constant (R = 8.314 J-mol™"-K™"), T is the temperature (K), n is the
number of electrons involved in the Faradaic reaction, F is the Faraday constant (F =
96 485A s mol) ¢ is the bulk concentration (mol cm-3), A is the electrode surface area
(cm?), vis the scan rate (V s™), D is the diffusion coefficient (cm? s') and Iy is the peak
current (A)61],

In this study, chemically modified electrodes were prepared using cyclic
voltammetry. These electrodes can be prepared using different techniques, such as
irreversible adsorption or covalent attachment.l'l The adsorption of species onto the
electrode surface alters the electrochemical characteristics of the electrode. Cyclic
voltammetry was used in this study to monitor the electrodes during different stages of
modification.

During the study, blocking polymers were electrochemically deposited from
phenol, dopamine, or p-phenylenediamine. These blocking polymers were generated

from the respective monomers, resulting in the deposition of impermeable layers that
11



effectively passivated the surface of the electrode. The growth of the non-conducting
polymer film is self-limiting process resulting in thin films. The mechanism where the
monomer undergoes oxidation or reduction on the working electrode, leading to the
formation of a radical. The electrochemical polymerization method can be categorized
into anodic or cathodic electrochemical polymerization. The process of polymer
formation and growth is thought to occur through either the coupling of radicals or the
reaction between a radical and a neutral monomer. Radicals can react with nearby
radicals or neutral monomers, resulting in the production of the polymer.

Another method used for the development of the modified electrodes was
covalent attachment. Stronger attachment to the substrate surface can be achieved
through the covalent attachment of the desired component to surface groups that are
either already present on the substrate or on the substrate itself. The matrices
developed from aryl diazonium salts followed the latter mechanism as well as the
electrografting of plumbagin monolayer followed the initial mechanism of
electrografting.

The current response of electrode adsorbed species can be elucidated by the
following expression,

n2F?

Iy = S VAT

where 7" is the surface coverage of the adsorbed species in mol cm-2. Here, the current

Ip varies linearly with the scan rate, v, contrary to the linear dependence of current and

V1/2.

Electrochemical Detection of Nanoparticles

Nanoparticles, if redox active can be detected through the simplest method of stripping
voltammetry. It is a method where the NPs immobilized on the electrode surface are
oxidized or reduced through electrochemical methods like LSV, CV or pulse
voltammetry analysis.

In the thesis, LSV was employed to electrochemically detect and quantify the
analyte NPs. In LSV the resulting current, i, is measured during the application of each
potential step. Subsequently, a plot is generated by measuring the current against the
applied potential. The charge required to remove the specifically adsorbed NPs can be

calculated from the integrated charge, Quota, obtained from the area under the
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electrodissolution peak (explained in Chapter 5). The charge required to remove one

Au NP can be calculated using,

Q= N.nF

where Q is the charge, N is the no. of atoms in one Au NP, n is the number of electrons
involved in the reaction and F is the Faraday constant. The quantity of
electrochemically dissolved NPs can be determined by utilizing Qtta and the amount
of charge (Q) needed to remove a gold NP.

The electrodissolution of Au exhibits distinct behaviors depending on whether it
occurs in the presence of a ligand or in ligand-free electrolytes.[®? In chloride solutions,
gold undergoes anodic dissolution, leading to the formation of a soluble tetrachloro-

gold complex as shown in the following reaction,

Au+4Cl=[AuCl] +3 e

In an aqueous electrolyte without ligands, gold exhibits relative stability,
remaining inert up to high anodic potentials. The standard electrode potential for gold
dissolution in the presence of chloride ions is 1.002 V vs SHE, and this value increases
to 1.45 V vs SHE in the absence of complexing ligands.[?3l With the presence of
chloride ions, the dissolution rate is improved and shows a substantial rise in current

with increasing concentration of chloride ions.[62]

3.2 Atomic Force Microscopy

Atomic force microscopy (AFM) is a scanning probe microscopy (SPM) invented by
Binning et al. in 1986,4 following the invention of scanning tunnelling microscopy
(STM)8%, STM is based on the principle of quantum tunnelling and can study
conductive surfaces with atomic resolution.[6%66 |n STM, a sharp metallic tip is
positioned close to the surface of the sample. A drawback of STM compared to AFM is
that it is less suitable for insulating or non-conductive samples.[®8! This tip is usually
made of a conductive material and is brought within nanometers of the sample surface,
where a distance-dependent tunnelling current between tip and sample is recorded.[®"]
The invention of AFM made it possible to study non-conductive surfaces at a level

comparable to STM. AFM operates by measuring tiny forces between a sharp tip and
13



a sample surface, enabling high-resolution imaging of nanoscale features.64671 The
versatility of AFM and the ability to operate under environmental conditions make it a

valuable tool in fields like nanoscience, biology and beyond.

3.2.1 Operation Principle and Probe Requirements

AFM operates on the concept of a cantilever-mounted tip interacting with the sample.
The cantilever is equipped with a sharp tip at its free end. The schematics of AFM with
scanning cantilever tip and beam deflection detection system is shown in Figure 4
Using a feedback control system, the tip scans across the surface in a raster pattern
while maintaining a constant force or tip-sample distance at a set value. As the AFM
tip scans across the sample surface, it encounters variations in height and surface
features on the sample surface. These variations cause the cantilever to deflect. The
deflection is measured by a laser beam that is reflected from the back side of the
cantilever onto a divided photodiode. When the laser beam changes the position on
the photodiode, the voltage output of the segments change. Using calibrations, the
voltage difference between the photodiodes can be used into the position of the laser
on the photodiode and thus the deflection of the cantilever. The divided photodiode is
often divided into four segments labeled A, B, C, and D. These segments allow for the
simultaneous and independent measurement of the cantilever vertical and lateral
deflection. The vertical deflection information from the photodetector is used as a
height feedback signal.l7-°1 This signal is proportional to the topography of the
sample. It provides information about how far the scanner must move vertically to
maintain a pre-set setpoint, ensuring that the tip-sample distance remains constant

during scanning.

As an AFM tip nears a sample surface, a range of forces becomes active,
influencing the deflection of the cantilever. The primary forces influencing the cantilever
deflection are the long-range attractive forces (van der Waals) and the short-range
repulsive forces (electrostatic).%%70 These forces are induced by fluctuating dipole
moments between atoms of the tip and the sample. They can be approximated using
the Lennard-Jones potential as a function of the probe-sample distance and are
associated with the operational modes of SFM.I6% AFM offers various operational
modes, where the three basic modes are contact mode, tapping or intermittent contact
mode, or non-contact mode.l®”! In contact mode, the tip is in permanent physical

14



contact with the sample surface, and the operations are confined to high force gradient
regions within the repulsive force range. The schematic illustration of the Lennard-
Jones potential is shown in Figure 5. Tapping mode AFM operates with intermittent
contact between the tip and the sample surface, where the cantilever oscillates
between the attractive and the repulsive regime of the curve. The non-contact mode is

limited to the attractive regime of the curve.

position sensitive
photodetector

als |
o i |

Feedback controller

and computer { cantilever and tip

Figure 4: Schematic drawing of atomic force microscope with scanning cantilever tip and beam

deflection detection system.
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Figure 5: Schematic illustration of the Lennard-Jones potential showing the interatomic forces between

the tip and the sample in dependence on their distance.

Choosing the right AFM probe depends on the specific experiment or
measurement objectives, the type of sample being investigated, and the imaging or
measurement mode, whether it involves topography, mechanical properties, electrical
properties, or other surface interactions. AFM tips or cantilevers are available in
different types and materials, each developed to suit different applications. These tips
can have different shapes, including sharp, cone-shaped, or spherical. Commercially
available. AFM tips are typically made of materials like silicon, silicon nitride, silicon
carbide, and diamond. The choice of material depends on factors like stiffness, wear
resistance, and chemical reactivity, making certain materials more suitable for specific
applications.l”.71 These tips come with different spring constants, which determine
their stiffness. Stiffer cantilevers with high spring constants were employed for
topography studies. These cantilevers, being sufficiently rigid, prevent the oscillating
tip from being drawn into the sample. Soft cantilevers were utilized to study the
thickness of samples, as they are particularly well-suited for the study of soft and fragile
samples in contact mode. Table 1 presents the technical specifications of the
cantilevers employed in this thesis. Some AFM probes have special coatings, such as
doped diamond or platinum-iridium, which can enhance their electrical conductivity and

suitable for conducting samples.
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Table 1. Specifications of the cantilevers used in the thesis.

Cantilever specifications Contact mode Intermittent contact
mode

MSCT FESPA-V2 NCHV-A
geometry Triangular rectangular rectangular
coating reflective gold reflective gold reflective aluminium
resonant frequency (kHz) 90-160 50-100 270-400
spring constant (N/m) 0.6 2.8 20-75
Tip specifications
radius (nm) 10-40 8-12 8

3.2.2 Operation Modes

Contact-Mode. In contact mode AFM,®% the AFM tip is in physical contact with the
sample during scanning. In contact mode, there are two imaging modes: constant force
and constant height. In constant height mode, the AFM tip scans the surface of the
sample at a fixed, predetermined z-height above the surface, as shown in the Figure
6. The topographical information is obtained by measuring the deflection of the
cantilever in the z-direction as the AFM tip scans across the sample. In constant force
mode, the force between the AFM tip and the sample is kept constant during scanning.
A feedback loop continually monitors the deflection of the cantilever, which is sensitive
to variations in the force between the tip and the sample. If the deflection deviates from
the preset value due to sample topography or interactions, the feedback mechanism

adjusts the height of the tip to maintain the deflection and thus a constant force.

Ay N i

contact mode intermittent contact mode

Figure 6: Scheme illustrates contact mode and intermittent contact mode.

Constant force mode is ideal for precise force measurements and high-
resolution imaging but can be more aggressive on the sample. The constant force
mode operates at a slower scanning speed than the constant height mode, as the
feedback loop continually adjusts the tip height. When the AFM tip is scanning across
the surface of a sample in contact mode, lateral forces arise between the tip and the
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sample. The lateral force applies torque to the cantilever, resulting in either bending or
twisting of the cantilever depending on their relative orientation. When significant, this
deflection can be misinterpreted as topographical features. The AFM artefacts
observed while scanning samples in contact mode and intermittent contact mode are
provided in Figure 7. The presence of strangely shaped features and image distortions
while imaging a 3-aminopyridine (3-AP) modified ITO in contact mode (Figure 7a) and
ITO modified using a binary layer electrografted from 4-nitrobenzene diazonium salt
and 4-((triisopropylsilyl) ethynyl) benzene diazonium salt (NB/TIPS) in intermittent
contact mode (Figure 7b) can be observed. This can be avoided by varying the

feedback parameters, tip or scanning modes.

Constant height mode is faster compared to constant force mode because it
doesn't require continuous force adjustments during scanning. In this mode, the tip
applies lower forces on the sample surface, reducing the risk of both tip wear and
sample damage. This is particularly important when working with soft or fragile
samples. However, constant height mode may encounter difficulties in obtaining
precise images of highly rough surfaces, potentially leading to the disengagement of
the tip or due to sample-tip collision. This can result in incomplete or distorted images
as the tip cannot follow the intricate details of the surface. When dealing with rough
surfaces that have significant height variations, constant force mode can adapt to these
variations by adjusting the tip height to maintain the preset force. This adaptation

ensures that the tip remains in contact with the surface, even on rough surfaces.

-2.3nm

Figure 7. AFM images with artefacts obtained in a) contact mode of 3-aminopyridine modified ITO
surface and b) intermittent contact mode of NB/TIPS modified ITO.
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Intermittent Contact Mode. The intermittent contact mode (often called tapping
mode) is an imaging mode in AFM that offers advantages for imaging and
characterizing a wide range of samples. The AFM tip oscillates at or near its resonance
frequency with an amplitude of up to 100 nm while scanning and touches the sample
intermittently, as shown in the Figure 6. This causes a significant reduction in the tip
amplitude. The reduction in the oscillation amplitude is utilized for the identification and
quantification of topographical features. The feedback system regulates the distance
between the cantilever and the sample by maintaining the amplitude as close as
possible to the pre-defined amplitude setpoint. This method, which greatly reduces
lateral tip-sample forces, generally results in higher resolution when compared to the
conventional contact mode AFM, where the tip and sample are in permanent
mechanical contact.l’? Figure 8 provides a comparison between the images obtained
in contact mode and intermittent contact mode. On comparison to the intermittent
contact mode image in Figure 8b, the resolution is low in the contact mode image in
Figure 8a. Also, the streaks are only observed in the image obtained from contact
mode. These streaks can be due to the instable tip-sample interactions in contact

mode.

Height Height

Figure 8. TIPS film modified ITO surface imaged in a) contact mode and b) intermittent contact mode.

Phase imaging!’® is used to gather additional information about the surface
properties of the sample beyond topography and can be simultaneously obtained with
topographic imaging in intermittent contact mode. Unlike amplitude-based imaging,
phase imaging uses the phase shift in the cantilever oscillation relative to the signal
sent to the piezodrivel™ due to variations in material properties like adhesion, sample

hardness, or elasticity. The phase shift data are used to create phase contrast images.
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Areas with different material properties or tip-sample interactions result in distinct
phase shifts, which are represented as variations in contrast in the phase image. Phase
imaging can be employed to examine surface alterations, providing enhanced contrast
between distinct surfaces. It can be used to distinguish between different phases in
polymer blends,[”® for characterizing the surface morphology of nanostructured
materials, topography and properties of biological cellsl’® etc. Figure 9 displays both
the topography and phase images of a dense 3-aminopyridine matrix after removing
template PS NPs recorded in the intermittent contact mode. In contrast to the
topography image in Figure 9a, phase image in Figure 9b reveals cavities with
improved contrast, where the structure of the cavities is more clear. The irregular
growth of the 3-aminopyridine film can be easily identified from the phase image in

Figure 9b, where in the topography image (Figure 9a) it appears as black region which

could be misinterpreted as cracks.

Figure 9. AFM a) topography image and b) phase image of a dense 3-aminopyridine matrix deposited

on ITO surface after the removal of template PS NPs.

Non-contact mode operates on a principle similar to intermittent contact mode.
It is distinguished by subtle probe oscillations, typically with a 1 nm amplitude, while
the tip is positioned 50-100 A above the surface. This mode functions within the
attractive region of the intermolecular force curve. As the distance between the probe
and the sample increases, the resolution of the non-contact mode diminishes due to

the influence of long-range forces at greater distances.[®’]
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3.3 X-Ray Photoelectron Spectroscopy

3.3.1 Working Principle

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for
chemical analysis (ESCA), is a surface-sensitive analytical technique used to
investigate the elemental composition, chemical bonding, and electronic state of a wide
range of surfaces. XPS is based on the photoelectric effect, first elucidated by Albert
Einstein in 1905. It describes the ejection of electrons from a material surface when

exposed to photons(®8.77]

When high energy monochromatic X-rays strike the sample, they cause the
emission of electrons from the inner atomic orbitals of atoms in the material as shown
in Figure 10a. The energy of the X-rays is carefully controlled as this energy is critical
because it must exceed the binding energy of the electrons in the outermost atomic
shell of the sample. The core level electrons of the atoms are tightly bound, and their
binding energies and atomic energy level are specific to each element. Following this,
the atom, having assumed an (n — 1) electron configuration, undergoes reorganization
by transferring an electron from a higher energy level to occupy the formerly vacant
core hole under emission of X-rays (X-ray fluorescence) (Figure 10b). Alternatively, the
vacancy in Figure 10a can be filled by an electron from an outer shrll under the
emission of a second electron called Auger electron (Auger electon emisision). The
ejected electrons are collected by an electron energy analyzer. The emitted
photoelectron arises from the complete transfer of energy from the incident X-ray
photon to a core-level electron. From the kinetic energy (Ekin) of the emitted

photoelectron, binding energy (Eg) is determined.

According to Einstein equation, the energy of the incident X-ray (hv) is the sum of
kinetic energy and binding energy. This could be rearranged to obtain the Es, where

®is the work function of the spectrometer.

EB: hU—Ekin—cD
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Figure 10. (a) The X-ray photon imparts its energy to a core-level electron, resulting in the emission of
a photoelectron from the initial n-electron state, (b) Subsequently, the atom, now in an (n - 1)-electron
configuration, may undergo a reorganization by transitioning an electron from a higher energy level to
fill the previously vacant core hole, (c) In this rearrangement, as the electron described in (b) drops to a
lower energy level, the atom can dissipate excess energy by expelling an electron from a higher energy
level. This expelled electron is commonly referred to as an Auger electron. Alternatively, the atom can

release excess energy by emitting an X-ray photon, a phenomenon known as X-ray fluorescence.

In the case of conducting samples, the energies of the photoelectron peaks can
be calibrated with respect to the Fermi level of the spectrometer, and they remain
unaffected by the work function of the sample. In situations where sample surfaces are
not in electrical contact with the spectrometer or insulating samples, require an
additional source to compensate the charge accumulated when exposed to X-rays.
Therefore, charge compensation methods are employed to mitigate these effects.
During charge compensation, the sample is flooded with a monochromatic low energy
source (< 20 eV). In this case, the vacuum level of the sample will be in electrical

equilibrium with the energy of the compensating electrons.

Thickness studies of thin films using XPS

XPS can be utilized to analyse the thickness of the films ranging from 1 — 10 nm, which
is the information depth of XPS.[8l The thickness of the films can be analyzed from the
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intensity ratio of photoelectron peaks from the film modified substrate and the bare
substrate using the following equation,

In—- = (_d> in©

nIO = 1 Sin
where | and r are the peak intensities from modified layer and the bare substrate, d is
the thickness of the modified layer, A is the photoelectron escape depth and © is the

takeoff angle.["]

The thickness of the homogeneous NB/TIPS film electrografted on ITO was
measured using XPS. For this, In 3d peaks from bare ITO was initially recorded. Under
the same experimental conditions, the In 3d peak arising from the underlying substrate
after the deposition of the film was also measured. Photoelectrons leaving the
substrate are scattered as it travels through the film. The scattering scales linearly with
the distance these electrons must travel to escape the surface. Figure 11 shows the

In 3d spectra obtained from bare ITO and ITO after modification with NB/TIPS.

a) N Bare ITO

Intensity [arbitrary units]

455 450 445 440
Binding Energy [eV]

Figure 11. In 3d spectra of a) bare ITO and b) ITO after electrografting NB/TIPS film on ITO.

The In 3d spectrum can be interpreted as a set of two doublets, where the In
3ds2 peak at Es 444.7 eV can be assigned to In203 and at 445.4 eV can be assigned
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to surface In-OH species.®% The intensities of these peaks originating from different

samples are provided in the Table 2.

Table 2. The intensity of In 3d peaks obtained after peak fitting from bare ITO (l)and NB/TIPS/ITO (/).

Peaks Bare ITO (lo) NB/TIPS/ITO (1)
A 72202.79 2960.00
B 54999.96 2368.72
C 49978.31 2048.89
D 38070.54 1639.61

These intensities are substituted for the ratio of In 3d peak intensities (/o) in the
above equation, A is estimated to be 3.5 nm®!l and the takeoff angle used in the
experiment is 90°. From this, the thickness of the NB/TIPS film is calculated to be 11.1
nm, which is comparable to the thickness estimated from the AFM scratching method,

given in Appendix B2c.

3.3.2 Peak Fitting

Peak fitting in XPS is important for extracting detailed chemical and electronic
information from XPS spectra. It allows to quantitatively analyze surface composition,
identify chemical states, detect contaminants, and gain insights into the electronic
structure of materials. Generally, the interval between spectral components closely
matches the observed peak widths, which is around 1 eV. As a result, in experimental
spectra, itis common that spectral components overlap. To discern the necessary peak

parameters, one must employ a peak-fitting procedure.

Mathematical functions for peak shapes (such as Gaussian, Lorentzian,
asymmetric, or mixtures) are used to model each spectral component. These functions
are adjusted to best fit the experimental data. The fitting process involves finding the
parameters that minimize the difference between the modelled peaks and the actual
data. The parameters typically include peak position, peak width which is related to
chemical state and peak intensity which is related to element concentration. In addition
to peak fitting, a background subtraction step is often performed to remove the peak
contributions from the background. The prevalent approach for modelling the
background was pioneered by Shirley. Once the background has been established,

initial estimates for each peak parameter, derived from reasonable values from prior
24



experiments, are introduced. Subsequently, a least-squares fitting algorithm is
employed to iteratively converge toward the final parameter values. Detailed

discussions on these peak-fit quantities can be found in a series of publications. [82-85]

For assessing the quality of a peak fit in XPS or similar spectroscopic
techniques, parameters such as chi-squared (x?), peak position, peak width, peak
intensity, residuals etc., are relevant. Chi-squared (x?) is a statistical measure used to
assess the goodness of fit between an observed data set and a model or theoretical
data set. In the context of peak fitting in XPS or other data analysis tasks, x? helps
evaluate how well the fitted model matches the actual experimental data. The formula

for x? is typically expressed as:

(M@ — SGP)]?

@) = 710

NgE

=1

Here, M (i) is each data point and S(i, p) is the value of the fit at the same point, A lower
x? value indicates a better fit, suggesting that the model closely matches the observed
data. A higher x? value suggests a poorer fit, indicating that there are significant
discrepancies between the model and the data. A x? value close to 1 indicates a good
fit, where the model accounts for most of the variability in the data. It is important to
note that while x? is a valuable tool for assessing the quality of a fit, it should be
considered alongside other parameters and visual inspection of the fitted model

overlaid on the data to ensure that the fit is meaningful and realistic.

Residuals (R(i)) are an important parameter used to assess the quality of a
peak fit. Residuals represent the differences between the observed data points and

the values predicted by the fitted model.
R =S@,p) —M@©)

The Abbe criterion can also be valuable in evaluating the quality of a fit,
especially when it comes to recognizing fits that consistently deviate above or below

their corresponding experimental data. It is given by,
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3.4 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is an imaging technique to visualize the surface
morphology and topography of a wide range of samples. It has found applications in
numerous scientific fields, ranging from materials science to biology, geology, and
nanotechnology. SEM unveils details at the nanoscale level that were once beyond the
reach of conventional light microscopy. By harnessing the interactions between
electrons and samples, SEM provides information about surface morphology,
topography, and composition. In essence, SEM is employed to record images of a
sample surface by detecting various signals produced when high energy electrons are

focused and interact with the surface of the sample.[86:87]

3.4.1 Working Principle

The working principle of scanning electron microscopy (SEM) relies on the interaction
between a focused electron beam and the sample. SEM employs an electron gun,
typically equipped with a heated filament or field emission source, to emit a stream of
high-energy electrons. Moreover, the electron gun generates electrons that are
accelerated through the application of high energy within the 0.2 kV-30 kV range.
These electrons are then precisely focused and confined into a monochromatic beam,
often with a diameter of 100 nm or less, using magnetic field lenses and metal slits
within a vacuumed column. Subsequently, the sample surface is scanned in a raster
pattern and upon impact with the surface, the electron beam engages with the near-
surface region of the sample generating various signals through their interactions with
the sample, as shown in Figure 12. These interactions encompass both elastic and

inelastic scattering phenomena within the sample.

The accelerating voltage determines the energy of the primary electrons in the
electron beam. Electrons with higher kinetic energy penetrate deeper into the sample.
The interaction volume is often depicted as having a teardrop shape in SEM. The
teardrop shape is a graphical representation that conveys how the primary electron
beam interacts with the sample causing formation of including secondary electrons,
backscattered electrons, and characteristic X-rays. These signals are detected and
used to create SEM images and gather analytical information. Backscattered electrons

are high-energy primary electrons that strike the atomic nuclei of the sample and are

26



backscattered out of the sample. These electrons typically have energy close to that
of the primary beam. They are influenced by the density and atomic number of the
elements in the sample. Secondary electrons are emitted from the surface of the
sample when the high-energy primary electrons from the electron beam strikes the
sample. These electrons are typically emitted from the outermost atomic layers of the
sample. Due to the limited contrast and low surface sensitivity, achieving high
resolution can be challenging. Secondary electrons are sensitive to the topography of
the sample and are used for topographical imaging in SEM. They produce detailed
images like morphology, revealing surface features and textures. In this thesis, the
secondary electrons imaging mode was used for examining thin layers. The detection
of emitted X-rays in energy-dispersive X-ray spectroscopy (EDX) within SEM
instrument is a crucial process for elemental analysis. However, the sensitivity is
inadequate for thin layers of a few nanometer thickness, especially when taking into

account that the X-rays coming from a surface layer of about 2-3 um depth.[87-°0]
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Figure 12: Schematic representation of processes resulting from electron-sample interactions.
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Imaging using secondary electron detection can be conducted in both field-free
and immersion modes, providing a versatile approach for achieving comprehensive,
low-to-high-resolution imaging of diverse samples, potentially achieving magnifications
exceeding 100,000x. Field emission scanning electron microscopy (FE-SEM) is
typically conducted under high vacuum conditions because the presence of gas
molecules can disrupt both the electron beam and the secondary and backscattered

electrons essential for imaging purposes.

3.5 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a microscopy technique used to study the
internal structure of materials and biological samples at the nanoscale. TEM employs
a beam of electrons to image samples, allowing for much higher resolution and the

ability to visualize details at the atomic and molecular levels.

3.5.1 Working Principle

In TEM, a high-energy electron beam is generated from an electron source, typically a
heated tungsten filament or a field-emission gun. The electrons are accelerated to high
velocities using electromagnetic fields. The condenser system focuses and converges
the electron beam onto the sample. It consists of magnetic lenses and apertures to
control the beam size and intensity. The sample, which must be extremely thin, is
placed in the path of the electron beam. The electrons are transmitted through the
sample and when electrons pass through the sample, they interact with the atoms and
electrons in the material, leading to various interactions. Electrons that successfully
transmit through the sample using a series of electromagnetic lenses producing high-
resolution images by bending the electron beam and focusing them onto a

detector.[91.92]

3.5.2. Size Determination of the NPs
TEM enables the study of the morphology and shape of NPs with nanoscale resolution,
where precise measurements of nanoparticle sizes are achievable. In this thesis, the

size of the NPs was assessed from the obtained TEM images using ImagedJ software.

ImageJ is a valuable software tool for extracting quantitative data from TEM

images.[?3-%1 The first step involves calibrating ImageJ using a scale bar in the TEM
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image. To distinguish NPs from the background, a threshold range is adjusted to isolate
the NPs, converting the image into a binary image. All pixels in the image whose values
lie under the threshold are converted to black and all pixels with values above the
threshold are converted to white, or vice-versa. Overlapping NPs or NPs sticking to
each other can be separated using the watershed option. Then, Imaged can perform
the analysis of NPs. The particle analysis can further be automated by entering the
size range or setting the minimum size and maximum pixel. This analysis includes
measurements such as NP area and other relevant metrics. From the area, the size of
the NPs can be calculated. The data can be exported for further analysis in other

software like Excel or Origin.
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4  Experimental Details

In this chapter, section 4.1 lists all the chemicals and materials used to develop the
NAIM systems. In section 4.2, the instrumental descriptions and sample preparations

are detailed. All the following reagents were used as received. Deionized water (Elga

LabWater, Celle) was used to prepare aqueous solutions.

4.1 Chemicals

Table 3. Chemicals used for surface preparation and NP synthesis

Product Formula Supplier Grade
absolute ethanol C2HsOH VWR Chemicals 99.8%
acetonitrile CHsCN VWR Chemicals 99.9%
toluene (extra dry) CeHsCH3 Acros Organics 99.85 %
5-hydroxy-2-methyl-1,4-naphthoquinone C11HsOs3 Sigma Aldrich
phenol C6H50H Sigma Aldrich 99.0 %
1,2-ethanedithiol C2HeS2 Sigma Aldrich 98.0%
cysteamine C2H7NS Sigma Aldrich
tetrabutylammonium hexafluorophosphate NBusPFs Sigma Aldrich 99.0%
dopamine hydrochloride CsH12CINO2 Alfa Aesar 99%
4-nitrobenzenediazonium tetrafluoroborate CsH4N302.BF4 Sigma Aldrich 97%
3-aminopyridine CeHsN3 Alfa Aesar 99%
4-aminothiophenol CeH7NS Sigma Aldrich
p-phenylene diamine CsHsN2 Sigma Aldrich 98%
hydrochloric acid 37% HCI VWR Chemicals 35.9%
hydrofluoric acid HF Craft GmBH 5%
sodium nitrite NaNO:2 Sigma Aldrich
potassium chloride KCI Sigma Aldrich 99.5%
sodium bicarbonate NaHCOs Fluka 99.7%
poly(diallyldimethylammonium chloride) PDDA Sigma Aldrich 20 wt%
sodium dihydrogen phosphate dihydrate NaH,PO, 2H,0 VWR Chemicals
disodium hydrogen phosphate dihydrate Na2HPO, 2 H,0 VWR chemicals
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potassium hexacyanoferrate(lll) Ks[Fe(CN)e] Alfa Aesar 99.0%

hexaamineruthenium(lll) chloride [Ru(NHz3)e]Cl3 Sigma Aldrich 98.0%

ferrocene methanol (FcMeOH) Ciu1Hi2FeO Alfa Aesar 97.0%

silver nitrate AgNOs Carl Roth GmbH & Co  99.9%

gold(lll)chloride trihydrate HAuCls 3H20 Sigma Aldrich 99%

tannic acid Cr6H52046 Sigma Aldrich

trisodium citrate dihydrate Na3CesH507.2H20 99.9%
Table 4. NPs used for the study

Product Abbreviation Supplier Concentration

Commercially purchased NPs

amine-modified monodispersed silica NPs SiO2-NH2 HiQ Nano 20 mg/mL

carboxyl-modified monodispersed silica SiO2-COOH HiQ Nano 20 mg/mL

NPs

sulfate latex beads PS Fisher Scientific 8% wlv

gold NPs, stabilized suspension in citrate Au-Cit Sigma Aldrich -

buffer

silver NPs, stabilized suspension in citrate Ag-Cit Sigma Aldrich -

buffer

Synthesized NPs

citrate-stabilized gold NPs Au-Cit - -

citrate-tannic acid stabilized Ag NPs CT-Ag - -

amine-modified Au NPs Au-NH:2 - -

4.1.1 General Cleaning Procedure

Glassy carbon (GC) plates were purchased from HTW Hochtemperatur-Werkstoffe

GmbH, and ITO coated glass slides with a surface resistivity of 8 — 12 Q were ordered

from Sigma Aldrich. The cleaning of substrates is a crucial step in preparing them for

various applications, including electrochemical experiments, surface modification, and

material characterization. The GC plates were polished with 0.3 ym and 0.05 ym

alumina slurry on a polishing pad, followed by sonication in deionized water for 10 min.

ITO substrates were cleaned in ethanol, acetone, and deionized water for 10 min each

in an ultrasonic bath, followed by drying in an Ar stream.
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4.1.2 Synthesis of NPs

The synthesis of NPs involves creating nanoscale-sized particles with controlled size,
shape, composition, and properties. Different methods are available for nanoparticle
synthesis, each tailored to specific properties and applications. The analyte NPs used
in the study of plumbagin-based NAIM, PDA-based NAIM, PPD, and ATP-based NAIM

systems were synthesized according to the procedure of Bastus et al.[®6:97]

Synthesis of Citrate-Stabilized Au NPs. The citrate-stabilized Au NPs (Au-Cit NPs)
were synthesized based on the kinetically controlled seeded growth approach
established by Bastus et al.[%] to obtain monodisperse NPs. Initially, gold seeds were
prepared by adding 1 mL of 25 mM HauCls into 150 mL of 2.2 mM sodium citrate at
100 °C under vigorous stirring. The reaction continued until the solution colour changed
from yellow to soft pink. When the reaction was finished, the solution was cooled down
to 90 °c. This was followed by the growth steps to achieve NPs of the desired size. For
this, 1 mL of 25 mM HAuCI* was added to the same reaction vessel. After 30 min, the
reaction was finished. This step was repeated again. After that, the sample was diluted
by extracting 55 mL of sample and adding 53 mL of deionised water and 2 mL of
60 mm sodium citrate. After the fifth growth step, gold NPs of size 40 nm were

obtained.

Synthesis of Citric Acid-Tannic Acid Complex-Stabilized Ag NPs. The citric acid-
tannic acid complex-stabilized Ag NPs (Ag-CT NPs) was synthesized based on the
kinetically controlled seeded growth approach established by Bastus et al. [*] to obtain
monodisperse NPs. In a three-neck round bottom flask, 100 mL of 0.1 mM tannic acid
and 5 mM sodium citrate solution was boiled for 15 min at 100 °C. After 15 min, 1 mL
of 25 mM AgNOs solution was added under vigorous stirring. The colour of the solution
was changed to bright yellow, indicating the synthesis of Ag seeds. After cooling the
reaction mixture to 90°C, the seed solution was diluted by extracting 19.5 mL of
reaction solution and added 16.5 mL of deionized water. Immediately after this, the
following reagents were added: 500 yL of 25 mM sodium citrate, 1.5 mL of 2.5 mM
tannic acid and 1 mL of 25 mM AgNOs. After 20 min, the reaction was finished. This
solution was used as the seed solution for the next growth step. The process was
repeated until 7" growth step to achieve 40 nm Ag NPs and until 12" growth step for
60 nm Ag NPs.
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Synthesis of Amine Modified Gold (Au-NHz) NPs. To the solution of 40 mL 1.42 mM
HAuCl4, 400 pL of 213 mM 2-aminoethanethiol was added. The mixture was stirred at
room temperature for 20 min. Subsequently, 10 yL of 10 mM NaBH4 was added, and
the resulting solution was vigorously stirred in the dark at room temperature for an
additional 10 min. The colour of the solution changed from opaque brown to wine red

colour. After gentle stirring, the sample was stored in at 4°C [%8

4.2 Instrumentations Used for Preparation and Characterization of
NAIM Systems

Electrochemical Experiments. Electrochemical measurements (CV, CA, and LSV)
were performed with an Autolab Potentiostat PGSTAT128N (Metrohm, Filderstadt,
Germany) and CHI 660 A potentiostat (CH Instruments, Electrochemical Analyzer,
Austin, TX, USA) at room temperature in a three-electrode cell. Glassy carbon (GC)
plates and ITO-coated glass slides were used as the working electrodes. A Pt wire or
Pt sheet was used as the auxiliary electrode. The reference electrode was Ag/AgCl
(3 M KCI) for electrografting and electropolymerization processes in aqueous-based
electrolytes, while Ag/AgNOs (0.1M tetrabutylammonium hexafluorophosphate
(TBAPFs) / acetonitrile (ACN)) reference electrode was used for non-aqueous

solutions. All potentials are given with respect to the used reference electrode.

Scanning Electron Microscopy. The characterization of NAIM at various stages of
preparation and the cross-sectional studies were carried out with a fast ion beam
scanning electron microscope (Helios Nanolab 600i system, FEI Company, Eindhoven,
The Netherlands). The topography images were recorded in the immersion mode with
a TLD detector at acceleration voltages between 1 — 10 kV, and the working distance
was adjusted between 3 — 6 mm. The sample was attached to a SEM sample holder
using a copper tape. For the cross-sectional studies, initially, a 10 nm thick Pt layer
was deposited over the sample surface to reduce the charging. Then, a 0.4 um deep
cut was made on the sample using a Si application needle. The cross sections were

visualized at an angle of 52°in the immersion mode at an acceleration voltage of 5 kV.

Atomic Force Microscopy. AFM measurements were carried out with a Dimension
3100 AFM equipped with a Nanoscope llla controller (Veeco Instruments Inc., Santa
Barbara, CA, USA). Topography and phase imaging of the samples were recorded in
the intermittent contact mode using an Al-coated SisN4 cantilever (NCHV-A tip, Bruker,

Camarilla, CA, USA) with a spring constant of 42 N m™'. Thickness studies were
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recorded in contact mode using reflective aluminium-coated FESPA-V2 tips (Bruker,
CA, USA) made of antimony-doped Si with a spring constant of 2.8 N m' and reflective
gold-coated MSCT tip (Bruker, CA, USA) made of SisN4 with a spring constant of 0.6 N
m-'. Images were obtained at a scan rate of 1.0 — 3.0 Hz in both contact and intermittent

contact modes with a resolution of 512 x 512 pixels.

Thickness studies are performed as follows: The procedure commenced with
selecting an area of 5 ym x 5 ym of the polymer film for analysis. The AFM tip was
positioned above this area and topography was measured at a setpoint of 0 V and at
a scan rate of 3.0 Hz. From this region, a 1 um x 1 ym area was chosen, and the
imaging was continued at a scan rate of 1 Hz. A predefined setpoint voltage of 10V
was applied to the tip as it gently scratches the surface of the film. The lateral
movement of the tip was initiated while maintaining a constant force. This lateral
movement created a controlled scratch on the surface of the polymer film. This
continued until the typical structure of the underlying substrate became evident.
Subsequently, an area of 5 ym x5 pm of the polymer film including the scratched region
was imaged at a setpoint voltage of 0 V and a scan rate of 3.0 Hz. The software
NanoScope Analysis 1.5 was used for the thickness and roughness analysis of the

samples.

To extract the thickness of the films, the relative height measurements between
two selected areas were measured. An area of the film was selected so that the
scratched area and the intact film were included in the selected area. The cursors
should be carefully placed (as shown in Figure 13), where one set at the abraded area
(yellow box in Figure 13) and the other set on the film surface (red box in Figure 13).
A height profile will be generated from the averaged data from the selected regions. A
tool named ‘step height’ was used to determine the film thickness. The areas of
analysis should be carefully chosen by avoiding agglomerates or other non-specific
topographic features, which could interfere with the accuracy of the measurements.
The roughness was also measured using the ‘roughness’ tool of the software by clearly

defining a specific area for the measurements.
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Figure 13: An example of thickness determination by AFM of a polyplumbagin-based polymer deposited

on GC substrate.

X-ray Photoelectron Spectroscopy. XP spectra were obtained with an ESCALAB
250 Xi (Thermo Fisher Scientific, East Grinstead, UK) with monochromatized Al Ka
radiation (hv = 1486.6 eV). Spectra were measured with pass energies of 200 eV for
survey scans. The internal electron flood gun was used for charge compensation. Al
spectra were referenced to remaining adventitious carbon at 248.8 eV. For data
processing, Avantage software of v5.9911 was used. The obtained spectra were fitted
using a smart background and convolution of Gaussian and Lorentzian contributions.

XPS was used to study the NAIM systems before and after removing the analyte NPs.

Transmission Electron Microscopy. The size distribution of the commercially bought
SiO2-NH2 NPs and PS NPs, synthesized Au-Cit NPs and Ag-CT NPs were studied
using a JEM2100F TEM (JEOL GmbH, Freising, Germany). The SiO2-NH2 NPs were
diluted 5 times, and the PS NPs were diluted 10 times using deionized water, whereas
the Au-Cit NP and Ag-CT NP solutions were used without dilution. A 10 uL droplet of
the colloidal NP solution was drop-casted on a Cu grid and dried in the air before being
used for the TEM analysis. All the images were recorded at an acceleration voltage of
80 kV.
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4.3 Immobilization of Template Nanoparticles

Immobilization of template NPs onto a substrate surface is the initial step in the
development of the NAIM system. Proper control of experimental conditions is crucial

to achieve precise and reliable immobilization of template NPs onto substrates.

4.3.1 Attachment of Amine-Modified SiO2 NPs

A well-defined arrangement of template amine-modified SiO2 NPs (SiO2-NH2) on GC
substrate is required for the development of the plumbagin-based NAIM system. The
NP solution was sonicated in the ultrasonic bath for 5 min, followed by a 30 s shaking
prior to its use. This process was repeated until a homogeneous dispersion of NPs was
obtained. The cleaned GC surface was activated in an aqueous solution of NaHCO3
for a potential range from -1.1 to 1.8 V at 0.1 V s vs Ag/AgCI.[* After 40 cycles, the
GC plate was removed from the electrochemical cell, rinsed in deionised water, and
dried in Ar. Electrochemical activation of a glassy carbon electrode prepares the
electrode for various electrochemical experiments by improving its surface properties
and increasing its electrochemical activity. The activation of GC enhances the
electrochemical activity of the electrode by modifying its surface properties. This leads
to improved current response and higher sensitivity in electrochemical experiments. It
can modify specific surface properties such as roughness, porosity, and introduce
useful functional groups on to the GC surface. The activated GC was then immersed
in an aqueous solution of SiO2-NH2 NPs for 1 h. Afterwards, the SiO2-NH2/GC was
rinsed with water to remove the weakly adsorbed NPs from the surface followed by

drying in Ar.

4.3.2 Electrostatic Attachment of SiO2-COOH NPs and Sulfate Modified
Polystyrene NPs

The negatively charged carboxylate functionalized SiO2 NPs (SiO2-COOH) or
sulfate-modified polystyrene NPs (PS NPs) were attached to a GC or ITO substrate
using a positively charged primary layer. After cleaning, the ITO substrate or GC
substrate was immersed in a solution of 0.01 wt % poly(diallyldimethylammonium

chloride)(PDDA) for 20 min. Later, the PDDA-modified substrates were immersed in
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the SiO2-COOH NP solution for 1 h or PS NP solution for 2 h. SEM images confirmed
the attachment of SiO2-COOH NPs or PS NPs onto PDDA-modified ITO or GC.

4.4 Electrodeposition of Thin Film Matrices

4.4.1 Preparation of Plumbagin-Based Matrix

The electrodeposition of plumbagin was based upon Dongmo et al.l['%] |nitially, a stock
solution of 10 mM plumbagin in acetone is prepared and stored at -20°C. From this, a
0.2 mM plumbagin solution was prepared using a 0.1 M phosphate solution of pH 4.
The SiO2-NH2 GC was immersed in this solution and the potential was scanned
between 0.1V and -0.3V vs Ag/AgCl for 30 cycles at 0.01 V s'. Afterwards, the
plg(SiO2-NH2/GC) was exposed to 0.2 mM plumbagin solution in a 0.1 M phosphate
buffer of pH 7. The potential was scanned between -0.8 to 1.4 V vs Ag/AgClat50 mV s

1 for 15 potential cycles for the electropolymerization of plumbagin.

For the covalent modification, 1 mM 1,2-ethanedithiol or 1 mM cysteamine
solution was prepared using 0.1 M TBAPFs in ACN. The polyplg-plg-SiOz-act GC was
exposed to the corresponding solution and the potential was held at -0.8V vs
Ag/AgNOQOs for 800 s using chronoamperometry. After 800 s, the sample was washed
with ACN and deionised water. A NAIM system without covalent modification was also

prepared for comparative studies.

Each NAIM system [dithiol/polyplg/plg(SiO2-NH2)/GC,
cysteamine/polyplg/plg(SiO2-NH2)/GC, polyplg/plg(SiO2-NH2)/GC] was modified with a
polyphenol (pph) layer in an aqueous solution of 50 mM phenol in 0.1 M NaH2PO4. The
potential was cycled between -1.2'V and 1.4 V vs Ag/AgCl at 50 mV s for 5 cycles.
After electropolymerization, each sample was rinsed in deionised water, and dried in
Ar.

4.4.2 Formation of Polydopamine-Based Matrix by Electropolymerization
Polydopamine was electropolymerized on PS NP modified ITO substrate (PS/ITO)
from a deaerated 10 mM dopamine solution in 10 mM phosphate buffer. The pH of the
solution was maintained at 7.4 to impede the self-polymerization of dopamine. The
potential of the (PS)PDDA/ITO sample was cycled between -0.8 VV to 1.5 V vs Ag/ AgClI
for 25 cycles at v = 0.02 V s™'. Afterwards, the sample was removed from the cell,
rinsed with deionized water, and dried in an Ar stream.
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4.4.3 Formation of Aryl Diazonium-Based Matrix by Electrografting

3-Aminopyridine-Based Matrix. A thin film was electrografted from in-situ generated
3-diazopyridinium cations on cleaned GC, cleaned ITO, (SiO2-NH2)PDDA/GC or on
(PS)PDDA/ITO according to the method described by Agullo et al.l'®l For the insitu
generation of the diazonium salts, 40 mM NaNO:2 was added to a solution of 20 mM 3-
aminopyridine + 0.5 M HCI at low temperature (0 - 5°C) under vigorous stirring. After
1 min, the substrate was immersed into the solution. After applying a potential of 0.8 V
vs Ag/AgCl for 10 s, the substrate was cycled in the potential range between 0.8 to -
0.8 V vs Ag/AgCI. After 10 potential cycles (20 cycles for (PS)PDDA/ITO)), the sample

was removed, rinsed in deionised water and dried in an Ar stream.

Synthesis of 4-((Triisopropylsilyl)ethynyl)benzenediazonium tetrafluoroborate
(TIPS). The diazonium salt was prepared based on Leroux et. al.l'% A round-bottomed
flask with 1 equivalent of 4-((triisopropylsilyl)ethynyl)aniline and 3 equivalents of
aqueous HBF4 was stirred in an ice bath under continuous stirring. To this stirring
solution, 1.5 equivalent of NaNO2 was added. The resulting solution was stirred for a
duration of 2 h. Following this, the mixture was filtered and subsequently washed with
5 wt% NaBF4, cold water, and cold methanol. The obtained product was then dissolved
in a dimethyl chloride solvent and stored in a refrigerator. After 24 h, the solvent was
removed using a freeze pump, and the product was dried under vacuum for several
hours. The total vyield of the product was 6.27 grams. The precursor

4-((triisopropylsilyl)ethynyl)aniline was synthesized according to Anderson et al.['%3]

TIPS/NB-Based Matrix. A binary layer of TIPS and NB was electrografted on cleaned
ITO or (SiO2-COOH)PDDA/ITO according to the Leroux et. al.l'% The initial TIPS layer
was electrografted from 1 mM TIPS + 0.1 M TBABF4 in ACN at a scan rate of 0.05 V
s™!. After 5 cycles, the sample was rinsed in deionised water and dried in Ar stream.
These samples are denoted as TIPS/ITO or TIPS/(SiO2-COOH)PDDA/ITO. A second
layer was electrografted on TIPS/ITO or TIPS/(SiO2-COOH)PDDA/ITO from 1 mM
NBD + 0.1 M TBABF4 in ACN at a scan rate of 0.05 V s™'. After 10 cycles, the sample
was rinsed in deionised water and dried in an Ar stream. These samples are denoted
as NB/TIPS/ITO or NB/TIPS/(SiO2-COOH)PDDA/ITO.

4-Aminothiophenol or p-Phenylenediamine-Based Matrix. The 4-aminothiophenol

(4-ATP) (or p-phenylene diamine (p-pd)) film was electrografted from in-situ generated

diazonium salt of 4-ATP (or p-pd) on cleaned ITO or (SiO2-COOH)PDDA/ITO according
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to the method described by Gooding et. al.l'%! For the insitu generation of the
diazonium salts, 1 mm NaNO2 was added to a solution of 1 mM 4-ATP(or p-pd) + 0.5 M
HCI at low temperature (0 - 5 °C) under vigorous stirring. After 10 min, the sample was
immersed into the solution. The sample was cycled in a potential range between 0.6
and -1.0 V vs Ag/AgCl. After 30 cycles, the sample was removed from the solution,
rinsed in deionised water and dried in an Ar Stream. The samples are denoted as 4-
ATP/ITO, 4-ATP/(SiO2-COOH)PDDA/ITO, p-pd/ITO, and p-pd/(SiO2-
COOH)PDDA/ITO.

4.5 Removal of Template Nanoparticles

4.5.1 Etching of SiO2 NPs

The SiO2-NH2 or SiO2-COOH template NPs were removed from the NAIM systems to
form complementary cavities. This was done by immersing the samples with SiO2
template NPs in 5% hydrofluoric acid for 3 min. For control experiments, samples
without SiO2 template NPs were also immersed in 5% HF to compare. After the
immersion in HF, the samples were thoroughly rinsed to remove the acid from the
sample surface and dried in Ar stream. The cavities formed after the removal of

template NPs are indicated as brackets () in the sample codes.

4.5.2 Solvent-Based Removal of PS NPs

The samples with PS NPs as template NPs were immersed in toluene for the removal
of PS NP. Toluene is a good solvent for PS NPs. The samples were immersed in
toluene around 20 h for the removal of PS NPs. For control experiments, samples
without PS template NPs were also immersed in toluene. After the immersion in
toluene, the samples were thoroughly rinsed and dried in Ar stream. The cavities
formed after the removal of template NPs are indicated as brackets () in the sample

codes.

4.6 Reuptake Studies

The size-selective recognition ability of the NAIM systems was studied by assessing
the reuptake ability of these systems. The NAIM systems after the removal of template
NPs were immersed in a solution of citrate functionalized Au or Ag NPs of different

sizes (as analyte NPs) for 12-15 h. Control studies were carried out in a similar manner
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using non-imprinted matrix systems i.e., without cavities. Afterwards, the samples were
rinsed thoroughly in deionised water to remove the loosely adsorbed NPs and dried in

an Ar stream. The presence of specifically adsorbed NPs was studied by LSV.

40



5 Polyplumbagin-Based NAIM

The development of a NAIM system is challenging as various factors play a role in the
advancement of the system. From the previous chapters, it is evident that factors like
film thickness, stability of the matrix, assembly of template NPs and their removal, film

overgrowth, etc. have a significant influence on the success of a NAIM system.

In view of these challenges, we demonstrate here a new NAIM system with
insulating template NPs and conducting analyte NPs as shown in Figure 14. This
system allows the template removal and detection of the analyte NPs using orthogonal
methods, e.g., chemical etching of template NPs and electrodissolution of analyte NPs.
Electrochemical detection seems a natural choice for a recognition system supported
on an electrode surface because it can potentially distinguish between NPs located in
the cavities and involved in electron transfer with the electrode and those non-
specifically adhering to the outer parts of the NAIM film and thus unable to
electronically communicating with the electrode.* Furthermore, we introduce a
chemical post-functionalization of the matrix to modify and adapt the recognition ability
of NAIM system. A specific example of this idea was realized by assembling amine-
modified silica template NPs (SiO2-NH2 NPs) onto an activated glassy carbon (GC)
surface (Figure 14c), followed by electrodeposition of a plumbagin-based matrix
(Figure 14d).l'%1 The unsubstituted position 3 at the quinoid ring of the polyplumbagin
(Figure 14e) is then exploited for conjugate addition of a thiol, specifically of 1,2-
ethanedithiol or cysteamine followed by the electropolymerization of phenol, to block
the surface (Figure 14f). The reactions were followed by cyclic voltammetry (CV) and
the presence of thiols and amino groups in the film was verified by X-ray photoelectron
spectroscopy (XPS). After the removal of template SiO2-NH2 NPs in diluted hydrofluoric
acid (HF), the covalently modified NAIM systems are exposed to citrate-functionalized
gold NPs (Au-Cit NPs) and the uptake ability is studied and compared to a matrix
without covalent modifications under different pH conditions. The amount of Au NP
inside the cavities was quantified by the charge transferred during electrodissolution of
the Au NPs in 3 M KCI in linear sweep voltammetry (LSV). The schematics in Figure

14 shows the different steps in developing the NAIM system.
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The results obtained were published in ChemElectroChem.['%! | conducted the
experiments and prepared the draft for the manuscript. This was further checked and

modified by Prof. Wittstock as coauthor and supervisor.

Attachment of
— >
Si0,-NH, NPs

Removal of
Si0,-NH, NPs
; drats ...
) h) '\Y L 1 Conjugate addition of plumbagin
Au NP-Cit 2 Electropolymerization of plumbagin
— 3 Conjugate addition of substituted thiols

uptake 4 Electropolymerization of phenol

X - amino groups RSH - cysteamine / 1,2-ethanedithiol

Figure 14. Schematic representation of the NAIM system. a) A precleaned glassy carbon (GC) surface;
b) activation of the GC surface in 0.1 M NaHCOs; c) deposition of SiO2-NHz template NPs onto the
activated GC surface; d) conjugate addition of plumbagin to the activated GC surface; e)
electropolymerization of plumbagin followed by the conjugate addition of substituted thiols to plumbagin
and f) electropolymerization of a polyphenol layer; g) removal of SiO2-NH2 NPs and h) uptake of Au-Cit
NPs from an aqueous NP suspension. Reprinted from own publication!'%! under license CC BY 4.0.
Copyright 2023 The Authors.

5.1 Attachment of SiO2-NH2 NPs onto Activated GC

The selection of template and analyte NPs is crucial for determining the selectivity of
a NAIM system and depends on the application, the nature of NPs and their surface
properties. Herein, we relied on the approach of self-assembly,!'”l where nanoparticles
are arranged into ordered structures. It occurs due to the inherent properties of NPs,
such as their size, shape, surface chemistry, and interparticle interactions. It is
important to note that specific details like distribution and coverage of NPs on the
substrate surface are significant for the efficacy of NAIM system. The template NPs
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used for this NAIM system are amine-modified silica NPs (SiO2-NHz2), which were
commercially obtained. Figure 15 shows the TEM image and the corresponding size
distribution of SiO2-NH2 NPs.
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Figure 15. a) TEM images and b) size distribution of commercially bought amine-modified SiO>—NH:
NPs. Reprinted from own publication!2%! under license CC BY 4.0. Copyright 2023 The Authors.

Initially, the glassy carbon plates were polished with 0.3 um and 0.05 ym
alumina slurry as discussed in section 4.2 to ensure a clean, uniform, and well-defined
surface, promoting reliable and accurate electrochemical measurements. The cleaned
GC surface is activated in 0.1 M NaHCOs. This created oxygen-containing groups on
the surface.l'%® Also, the electrochemical pretreatment of glassy carbon aids in
obtaining reproducible surfaces and offers great selectivity for different functional
groups.l'% Similar pretreatments have been reported to increase the effective surface
area and electron transfer kinetics.[''% The activation of GC surface is indeed required
for the development of the polyplumbagin matrix, which will be explained later in this

Chapter.
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Figure 16. Cyclic voltammogram of activation of glassy carbon surface in 0.1 M NaHCOs atv=0.1V st
Reprinted from own publication!%! under license CC BY 4.0. Copyright 2023 The Authors.

The surface of the activated glassy carbon is enriched with oxygen-containing
functional groups as shown in Figure 14b. The SEM image of the surface of activated
GC is shown in Figure 17a. The SEM image reveals the presence of a highly porous
layer that developed on the surface of the GC electrode during the activation step. This
activated GC was immersed in an aqueous solution of SiO2-NHz2 NPs for 1h. After 1h,
the GC substrates were removed from the NP solution, rinsed in deionised water, and
dried in Ar. Figure 4b shows the GC electrode after the immersion of activated GC in
aqueous solution of SiO2-NH2 NPs. The SiO2-NH2 template NPs can be seen adsorbed
to the activated GC surface which is supported by the interaction between the NH2
groups in the ligand shell of the NPs and the oxygen-containing functionalities on the
GC surface.
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Figure 17. SEM images of a) activated GC, b) GC after a 2 h immersion in SiO2-NH2 NP dispersion.

Reprinted from own publication!1%! under license CC BY 4.0. Copyright 2023 The Authors

5.2 Formation of Polyplumbagin-Based NAIM

Qunione-hydroquinone (Q/QH2) compounds are well-known as organic redox-
couple.[ They are involved in the production of reactive oxygen species (ROS),
which has been exploited as cathode materials,[''?l dynamic self-assembled
monolayers (SAMs),['"3 and are integrated into smart devices,['4 biosensors,!''%! etc.
Besides these applications, Q/QH2 compounds exhibit therapeutic benefits and are
used for the treatment of viral, bacterial, fungal infections, acne, inflammatory
diseases, etc. These compounds show concentration-dependent cytotoxic properties
which can be detrimental to the normal cellular function.[®l. Data is insufficient to prove

the adverse effects of these compounds on human beings.

Plumbagin (5-hydroxy-2-methyl-1,4-napththoquinone), is a material of interest
among the Q/QH2 compounds because of its redox chemistry. The structure of
plumbagin is given in Figure 1d and the structure of surface grafted plumbagin is given
in Figure 1e. The quinone redox couple is accountable for the production of ROS while
the phenolic group can facilitate the formation of a thin fim.['"] The
electropolymerization of plumbagin is analogous to the oxidative electropolymerization
of phenol leading to the formation of a self-limiting film. Electropolymerization of
plumbagin by the conventional head to tail coupling!''® passivates the electrode
surface with the formation of a thin insulating film.
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A study by Dongmo et all'® proposed a new method for the
electropolymerization of plumbagin, which circumvents the problem of electrode
passivation and resulted in a conducting film. Instead of directly electropolymerizing
plumbagin on the electrode surface, an initial layer of plumbagin was electrografted
onto the activated GC surface via conjugate addition (Eq. (1)). For this, the bare GC
surface was activated as described in section 5.1. The presence of an unsubstituted
position on the quinoid ring which is prone to nucleophilic attack was exploited here.
The oxygen functionalities on the activated GC surface acted as nucleophiles and
attacked the unsubstituted position of the quinoid ring of plumbagin (Eq. (1)) forming a
monolayer of plumbagin. This monolayer-covered surface was then used to
electropolymerize plumbagin. The film obtained in this way showed substantial
difference in the film properties compared to the directly electropolymerized plumbagin
film onto GC.I'%! The continuously growing, conducting plumbagin films exhibited
improved electrocatalytic activity and provided control over the thickness of the
deposited films. The polymerized plumbagin layer developed through this method is
particular advantageous for the development of sensors. The free position on the
quinoid ring remains unhindered even after the electropolymerization and can be
exploited for the post modification of the polyplumbagin film via conjugate addition of
nucleophiles. The polymerized plumbagin layer developed through this method offers

flexibility and particular advantageous for the development of sensors.

5.2.1 Electrografting of Plumbagin on SiO2-NH2/GC

The GC surface was modified according to Dongmo et all'%l. Initially, the GC surface
was activated in 0.1 M NaHCO3 modified with SiO2-NH2/GC as discussed in section
5.1. When the activated GC electrode was exposed to a 0.2 mM plumbagin solution,
the nucleophilic oxygen-containing functional groups on GC surface enter in a

conjugate addition with the only available addition site in the plumbagin, as shown in
Eq. (1).
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Figure 18 depicts the cyclic voltammogram of plumbagin electrografting onto
activated GC. The voltammogram shows the anodic and cathodic peaks corresponding
to the quinone/hydroquinone (Q/QHz2) moiety of plumbagin. This sample state can be
abbreviated as plg(SiO2-NH2)/GC. A prominent reduction wave at -0.15 V vs Ag/AgCl
and oxidation wave at-0.1 V vs Ag/AgCl corresponds to the Q/QH2 redox couple, which

is stable for several cycles.
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Figure 18. Cyclic voltammogram during grafting of a monolayer of plumbagin to activated GC in
deaerated 0.2 mM plumbagin + 0.1 M phosphate solution, pH 4, v = 0.01 V s1. Reprinted from own
publication%! under license CC BY 4.0. Copyright 2023 The Authors
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5.2.2 Electropolymerization of Plumbagin Onto plg(SiO2-NH2)/GC

Following the electrografting of plumbagin, this monolayer-covered surface is used to
electropolymerize plumbagin around the template NPs yielding a permeable film of
defined and adjustable thickness.l'%119 Figure 19 depicts the cyclic voltammogram
for polyplumbagin (polyplg) electropolymerization on plumbagin-modified activated
GC, suggesting the formation of a permeable film. The sample code used for this stage
is polyplg/plg(SiO2-NH2)/GC.

The cyclic voltammogram in Figure 19 indicates the continuous growing of
polyplg film. An oxidation wave at 0.97 V in the first scan can be assigned to the
oxidation of phenolic groups of plumbagin. A small decrease in the oxidation current
for phenolic groups can be witnessed in the second scan which remains stable in the
subsequent scans. Also, the signal for Q/QH2 couple is present throughout the scans.
All these aspects observed in the voltammogram point towards the continuous growth
of the film. On adjusting the number of scans, film thickness can be controlled.['% |t is
to be noted that the thickness of the matrix is a decisive factor for the success of a
NAIM system.

300 -+

200 +

—

~ 100+

0s 06 o5 s s
E /V vs Ag/AgCI (3M KCI)

Figure 19. Cyclic voltammogram of electropolymerization of plumbagin in deaerated 0.2 mM plumbagin
+ 0.1 M phosphate buffer at pH 7, v = 0.05 V s1. Reprinted from own publication(2%! under license CC
BY 4.0. Copyright 2023 The Authors
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The topography of polyplg/plg(SiO2-NH2)/GC was studied with AFM. The film
was homogeneous as observed in Figure 20 and root means square (RMS) roughness
on a 1.00 ym x 1.00 ym area measured with an NCHV-A of 8 nm in tip radius was
4.2 nm. The strong streaks visible in the images of Figure 20 are polishing streaks on
the GC substrate. The investigation by Dongmo et al. revealed that by increasing the
potential cycles from 10 to 150 in the electropolymerization of plumbagin, the film

thickness exhibited a range of 10 nm to 70 nm.[100]

Figure 20. AFM topography image of polyplg/plg/GC recorded in intermittent mode using a NCHV-A
AFM tip (k=42 Nm 1),

The mechanism of electropolymerization of plumbagin over plg(SiO2-NH2)/GC
is similar to phenol electropolymerization. On applying high positive potential, the
oxidation of phenylate anion generates phenoxyl radical. These radicals can couple
with other molecules of plg, preferably at the para position to form a dimeric radical
which on further oxidation forms neutral dimer by the loss of a proton. Following
reactions produce oligomers leading to the formation of a film on the electrode
surfacel'? as shown in the mechanism in Eq.(2). This opens a way for further

modifications of the plumbagin-based matrix. It is detailed in the next section 5.2.3.
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5.2.3. Conjugate Addition of Substituted Thiols

The selectivity of the NAIM matrix depends on many factors as discussed before. The
selectivity can be tuned towards the ligand shell of the NPs either by choosing a matrix
of useful functional groups which attracts the analyte NPs or by varying the ligand shell
of the analyte NPs to complement the matrix. Post-functionalization of the matrix can
introduce functional groups into the matrix, that can be exploited for specific

interactions with analyte NPs and their ligands.

R A

conjugate
GC | addmon f thiol

RSH = H2N \/\SH or HS\/\SH
cysteamine 1,2-ethanedithiol (3)

The electropolymerized polyplg layer has unsubstituted carbon atoms at the
quinone ring systems available for a conjugate addition [Eq.(3)], that is used in this
study for such modifications of the matrix.[%121.122 Quinone compounds are used in
several studies for the detection of thiols which can be a simple and direct alternative
to supreme tools like chromatographic or electrophoretic techniques.['23-12%1 A highly
selective determination of sulphydryl thiols was possible through the 1,4-addition of
thiols to the catechol, thereby influencing the redox chemistry of quinones. The
changes in the redox chemistry was assessed through cyclic voltammetry and used to
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quantify the concentration of thiol.l'>4 Similarly, detection of homocysteine by catechol-
modified GC electrode was studied by cyclic voltammetry.['?51 When homocysteine
attacks the carbon of catechol, a shift in the redox potential of the surface-bound
quinone species was observed. Also, a decrease in the reduction current and an
increase in the forward peak with the increase in the concentration of homocysteine
was noticed. This is in fact considered as the influence of cysteine attack on catechol,

a direct indication for the addition of thiols to quinone moiety.['2°

For the post modification of the NAIM matrix, polyplg/plg(SiO2-NH2)/GC was
used as the substrate. At this stage, the unsubstituted carbon atom on the plumbagin
ring is free for further attack by nucleophiles. The carbon atom of the initial
electrografted plumbagin was already involved in the electrografting process and is not
available for the thiol addition. Accordingly, the electropolymerized polyplumbagin layer
was subjected to conjugate addition of 1,2-ethanedithiol or cysteamine to introduce

thiol- or amine-functional groups at the unsubstituted carbon atom as shown in Eq.
(3)_[125—127]

The substrates were covalently modified as described in section 4.6.1. A NAIM
system without the covalent modification was also prepared for comparison. The
sample codes are dithiol/polyplg/plg(SiO2-NH2)/GC and cysteamine/plg(SiO2-
NH2)/GC, respectively. The chronoamperogram during the conjugate addition of thiols
is shown in Figure 21a. Figure 21b shows the cyclic voltammograms at a scan rate of
v = 0.1 Vs in plumbagin-free phosphate buffer corresponding to the oxidation and
reduction of the quinone group, before and after thiol addition. A reduction in the redox
activity of plumbagin after the insertion of thiols into the system can be noticed which

in turn is direct evidence for the matrix modification.[118]
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Figure 21. a) Chronoamperogram during conjugate addition of 1,2-ethanedithiol to the polyplg/plg/GC
at-0.8 V vs Ag/AgNOQOs; b) cyclic voltammogram of the quinone/hydroquinone redox couple in plumbagin-
free phosphate buffer; 1) before and 2) after conjugate-addition of 1,2-ethanedithiol; v = 0.1 Vs
Reprinted from own publication!1%! under license CC BY 4.0. Copyright 2023 The Authors

XPS was employed to investigate the integration of functional groups into the
matrix of films. Figure 22a, 22b and 22c are the N 1s and S 2p X-ray photoelectron
spectra of the polymer film (without template NPs) after covalent attachment of
cysteamine and 1,2-ethanedithiol. The N 1s spectra was fitted using two components
at 399.8 eV and 402.4 eV; they correspond to the NH2-C and protonated amine,
respectively.['28129] The S 2p spectra from cysteamine and 1,2-ethanedithiol are
described by a one doublet component for each spectrum for S 2ps2 and S 2p12 at
163. eV and 164.8 eV. The small signal at 168.0 eV in the cysteamine-modified sample
indicates a low fraction of oxidized sulfur components.l'30:131 This confirms the

integration of the functional groups into the matrix.
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Figure 22. a) N 1s and b) S 2p spectra after conjugate addition of cysteamine and c) S 2p spectra after
conjugate addition of 1,2-ethanedithiol to an electropolymerized polyplumbagin layer on plumbagin-
grafted activated GC.[1%] Reprinted from own publication(%! under license CC BY 4.0. Copyright 2023
The Authors

5.2.4. Electropolymerization of Phenol

Electropolymerization of phenol leads to the formation of self-limiting!'2%, thin,
insulating films which are characterized as tight and compact films on metal
surfaces.l'3 The self-inhibiting electropolymerization of phenol was carried out at the
poly-plumbagin film or after the conjugate addition of thiols to the polyplg/plg/GC
substrates as shown in Eq.(4). The mechanism of phenol electropolymerization is
analogous to that of plumbagin described in section 5.2.2. At positive potentials,
phenoxy radicals are formed which couple with other radicals to form dimers, followed
by the formation of oligomers. Polymerization ceases when the surface is completely
covered by the polymerized phenol film. Then, the monomer cannot penetrate the film
anymore, the current decreases to a minimum, a direct signal towards the formation of
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an insulating film.['33 The electropolymerized polyphenol films finds applications in
biosensors, immobilization of enzymes like glucose oxidase,!'34 as coatings to prevent

electrode fouling,!'3% etc.

Electropolymerization | |
of phenol
PRSI I GC|

Figure 23 shows the cyclic voltammogram for electropolymerization of phenol
on dithiol/polyplg/plg(SiO2-NH2)/GC in 50 mM phenol for five potential cycles. After the
prominent oxidation peak at 0.95 V in the first cycle, the anodic current decreased in
all subsequent potential scans pointing towards the formation of an insulating layer.

The state of this electrodes is abbreviated as pph/polyplg/plg/GC.
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Figure 23. Cyclic voltammogram of electropolymerization of phenol on dithiol/polyplg/plg(SiO2-NH2)/GC
in 50 mM phenol + 0.1 M NaH2PO4 at v = 0.05 V s'1. Reprinted from own publication!*°®! under license
CC BY XX. Copyright 2023 The Authors

54



5.2.5 Permeability Studies of the Matrix

A matrix film with good barrier properties allows to distinguish analyte NPs in
the cavity with electronic contact to the substrate electrode from those attached to the
film outside the cavity. In the schematics presented in Figure 24, the differentiation
between matrices lacking blocking properties (I) and those having effective barrier
properties (Il) is illustrated. In case |, the NPs whether specifically or non-specifically
attached, are electrochemically removed in a suitable potential range, making it
challenging to discern between the two types of adsorptions. In Case I, as depicted in
Figure 24, the diagram illustrates a matrix featuring effective barrier properties, thereby
impeding electrical contact between the surface-adsorbed NPs and the underlying GC
substrate. This distinction effectively identifies both specifically and non-specifically
adsorbed NPs.

The blocking property of the matrix systems at different stages of preparation
(GC as polished, activated GC, polyplg/plg/GC) was studied with [Fe(CN)s]*- as the
redox-active probe. The voltammogram on bare GC demonstrates a quasi-reversible
curve (curve 1), typical for [Fe(CN)e]*/[Fe(CN)s]*. The redox curves for [Fe(CN)e]*
/[Fe(CN)s]* were prominent on activated GC (curve 2) and polyplg/plg/GC (curve 3)
indicates the permeability of the polyplumbagin film prepared according to Dongmo et
al.l'%%  (Figure 25). To form a dense, less permeable film, self-inhibiting
electropolymerization of phenol was carried out at the poly-plumbagin film or after the
conjugate addition of thiols to the polyplg/plg/GC substrates. The blocking property of
the film after electropolymerization of phenol was assessed through the similar method
mentioned before. The matrix becomes impermeable to the used hydrophilic molecular
redox probe [Fe(CN)6]3/[Fe(CN)6]*, proving an improved barrier property of the NAIM
system. This can be observed in Figure 25, curve 4, where the redox curves
corresponding to [Fe(CN)6]%/ [Fe(CN)6]* is missing. From the redox probe analysis,
it is evident that the electropolymerization of phenol improves the blocking property of
the NAIM system.
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Figure 24. Schematics illustrating the contrast between matrices with effective barrier properties (ll) and

matrices lacking barrier properties ().
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Figure 25. Redox probe studies at 1) polished GC, 2) activated GC, 3) polyplg/plg/GC, and 4)
pph/polyplg/plg/GC in 2 mM Ks[Fe(CN)e] + 0.1 M KCI at 0.1 Vs1. Reprinted from own publication[*0¢l
under license CC BY 4.0. Copyright 2023 The Author.
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5.3 Topography and Thickness Studies of the

Polyplumbagin-Based Matrix

The topography and thickness of different NAIM systems were studied with AFM. The
studied films were homogeneous. The root means square (RMS) roughness were
measured to be 3.8nm, 3.5nm, and 4.7nm for pph/polyplg/plg/GC,
pph/dithiol/polyplg/plg/GC, and pph/cysteamine/polyplg/plg/GC, respectively. The
strong streaks visible in the images of Figure 26 are polishing streaks on the GC

substrate that are also visible on the activated GC electrode in Figure 17a.

The thickness of the matrices was measured by scratching a 1.00 ym x 1.00
Mm area using a FESPA-V2 tip in contact mode. Afterwards, the thickness was
extracted from a profile of the topographic image (Appendix A (Table A:a-c)). Repeating
this at different regions of the film, a film thickness ranging from 20 nm to 23 nm was
measured for the films. Reminding that the overall diameter of the SiO2-NH2 NPs is
approximately 55 nm, suggests that the nanoparticle should fit within a cavity at least

half of its diameter for effective molecular recognition.

Figure 26. AFM topography image of a) pph/polyplg/plg/GC b) pph/cysteamine/polyplg/plg/GC recorded
in intermittent mode using a NCHV-A AFM tip (k = 42 N m 1). Reprinted from own publication!%! under
license CC BY 4.0. Copyright 2023 The Authors
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5.4 Reuptake Studies
After the development of the NAIM system, the template SiO2-NH2 NPs were removed

by a 3 min exposure to 5% hydrofluoric acid (HF). Caution: The corrosive and toxic
nature of HF calls for extensive safety precautions and specific handling
procedures.[3® The etching of SiO2 by hydrofluoric acid (HF) is a well-known process
in semiconductor manufacturing and microfabrication. HF is used as an etchant for
SiO2 because it reacts with SiOz2, which is the main component of most silicon wafers
used in semiconductor devices and integrated circuits. The etching process follows the

chemical reaction:['36]

SiO, + BHF — 2H* + SiFg% + 2H,0 (5)

An exposure of samples with silica template NP and matrix
(pph/dithiol/polyplg/plg(SiO2-NH2)/GC, pph/cysteamine/polyplg/plg(SiO2-NH2)/GC,
pph/polyplg/plg(SiO2-NH2)/GC to HF for 3 min removed the SiO2-NH2 NPs from the
system leaving open cavities. SEM imaging of various regions of the NAIM system in
Figure 27a and b confirmed the complete removal of template NPs. In case of
insulating SiO2-NH2 template NPs, well-defined cavities could be identified in the SEM
images in Figure 27a and b, they are marked by colored lines to extract their diameter.
The size of the cavities is measured by SEM to be roughly (53 + 3) nm using ImageJ
software (Figure 27c). The value is comparable to the diameter of the used template
SiO2-NH2 NPs. When using conducting template NPs, the film tends to overgrow the
template NPs and the likelihood of obtaining a collapsed cavity or a partially closed
cavity is high, resulting in an incompetent NAIM system. This finding shows that the
use of insulating NPs can prevent the overgrowth over the template NPs during

electrodeposition of the matrix.
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Figure 27. a) and b) SEM image of pph/polyplg/plg(°)/GC after the removal of SiO2-NH2 NPs, in the inset
a selected area is enlarged for a better view and c) the size distribution of the cavities. The inset shows
a scheme of a well-defined cavity with the marker at which the diameter was read. Reprinted from own
publication%! under license CC BY 4.0. Copyright 2023 The Authors

After rinsing with deionized water and drying in Ar stream, the cysteamine-
modified matrix (pph/cysteamine/polyplg/plg(°)/GC), the 1,2-ethanedithiol-modified
matrix  (pph/dithiol/polyplg/plg(°))GC), and the matrix without modification
(pph/polyplg/plg(°)/GC) were immersed in an aqueous suspension of Au-Cit NPs with
a diameter of approximately 55°nm for 12°h at pH®°5 in order to assess the selectivity
and the uptake ability. Monodisperse Au-Cit NPs were synthesized based on the
kinetically controlled seeded growth approach established by Bastus et al.[¢l Figure

28a shows the TEM image and the corresponding size distribution of Au-Cit NPs. The
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brackets ( ) indicate the cavities formed after the removal of template SiO2-NH2 NPs.
After 12 h, the samples were rinsed in water and dried in Ar. These samples were
studied for the uptake of Au-Cit NPs.
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Figure 28. a) TEM image of citrate-stabilized Au-Cit NPs of size (55 + 3) nm, b) size distribution of citrate-
stabilized Au-Cit NPs of size (55 + 3) nm, c) TEM image of citrate-stabilized Au-Cit NPs of size (37 £ 3)
nm and d) size distribution of citrate-stabilized Au-Cit NPs of size (37 £ 3) nm. Reprinted from own
publication%¢! under license CC BY 4.0. Copyright 2023 The Authors

Electrochemical methods are one of the most suitable methods to address the
analyte NPs because they can aid in distinguishing the NPs inside the cavities and the
randomly attached NPs outside the cavities (Figure 24). Due to the lack of electrical
contact, the non-specifically attached NPs will not dissolve or will do so at a much lower
rate. Control experiments were conducted with NAIM systems prepared in the same

manner but without imprinting the template NPs. These samples were exposed to Au-
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Cit NPs for 12 h prior to the LSV experiments. These systems cannot specifically

uptake NPs due to the absence of cavities.

SEM images after the uptake of Au-Cit NPs are shown in Figure 29. The
presence of AU-Cit NPs on the surface of the samples are visible from the SEM
images. To examine the Au-Cit NPs in the cavities, a cross-section of a
pph/cysteamine/polyplg/plg(Au-Cit)/GC was prepared by focused ion beam (FIB)
cutting at a precise location on the sample. Before, a 10 nm thick Pt layer was
deposited over the sample surface to reduce the charging of the sample. An individual
Au-Cit NP can be observed in Figure 30 that occupies a cavity along with few
unoccupied cavities. The unoccupied cavities are indicated by arrows in Figure 16. The
height of these cavities (22.1 — 22.7 nm) matches the average thickness of the film
obtained from AFM imaging in (20-23 nm). The cavity width (27.3nm, 38.8 nm for the
two examples analysed in Figure 30 is somewhat smaller than the diameter of the
imprinted SiO2-NH2 NPs [(58.8 + 2) nm] as expected for a film whose thickness does
not match exactly the radius of the template NPs. We thank Dr. Vita Solovyeva for her

expertise and assistance during the acquisition of SEM-FIB cross-sectional images.

Figure 29. SEM images of a) cysteamine modified NAIM, b) 1,2-ethanedithiol modified NAIM and c)

NAIM without modifications after immersion in Au-Cit NPs for 12 h.
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Figure 30. SEM images of FIB cross-section of a cysteamine-modified NAIM after the uptake of analyte
Au-Cit NPs. Reprinted from own publication!1%! under license CC BY 4.0. Copyright 2023 The Authors

After the uptake of Au-Cit analyte NPs at pH 5, the samples were subjected to
LSV studies in 3 M KCLI"¥1 The LSV curves associated with different matrix
modifications are shown in Figure 31. Control experiments with NAIM systems
prepared in the same manner but without imprinting the template NPs are depicted
with the dashed lines. On analyzing the LSV curves in Figure 31, a sharp peak
corresponding to the oxidation of Au in chloride-containing electrolyte can be noticed
at 0.9 V for a pph/cysteamine/polyplg/plg( )/GC and pph/dithiol/polyplg/plg( )/GC. For
the matrix without covalent modifications (pph/polyplg/plg( )/GC), a peak can be
observed at 0.86 V. A slight shift in the oxidation potential could be due to the

interactions of NPs with various modifications.
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Figure 31. LSV curves in 3 M KCl at v = 0.05 V s for Au-Cit NP dissolution from imprinted (1a) and
non-imprinted (1b) cysteamine-modified NAIM, imprinted (2a) and non-imprinted (2b) dithiol-modified
NAIM and imprinted (3a) and non-imprinted (3b) matrix without modifications after uptake of Au-Cit NPs
at pH 5. Reprinted from own publication!%! under license CC BY 4.0. Copyright 2023 The Authors

The influence of matrix modifications on the recognition ability of these NAIMs
is evidently reflected in the LSV scans in Figure 31. The highest uptake ability is
displayed by the cysteamine-modified matrix followed by the matrix without
modifications, while the 1,2-ethanedithiol-modified matrix exhibits the lowest uptake.
This trend in the uptake can be explained by the presence of citrate groups on the Au
NP surfacel’®8 and the pH at which the uptake studies are performed. At pH 5, the
negatively charged citrate ions interact with the positively charged protonated amines.
Thus, a cysteamine-containing NAIM precedes the other NAIMs in the uptake
process.l'¥] Apart from the aforementioned reason, the prospect of a hydrogen bond
formation between the citrate oxygen and the protic hydrogens present in the
plumbagin matrix can also promote the uptake process. This explains the uptake ability

demonstrated by the original matrix without modification.
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The dashed lines in Figure 31 correspond to the LSV curves associated with
the non-imprinted samples. The sharp peak associated with the oxidation of Au NPs is
absent in all the non-imprinted samples. However, a rising background current,
specifically a shoulder between 1.0 V vs Ag/AgCl and 1.1 V vs Ag/AgClI can still be
observed in the non-imprinted NAIM systems and is also present in the imprinted
systems. This signal can originate either from the matrix or from the electrodissolution
of non-specifically attached Au-Cit NPs at higher overpotentials. The origin of a small
peak in Figure 31 in both imprinted and non-imprinted samples in the range of 0.95 V
to 1.1 V vs Ag/AgCl (depending slightly on modification) was investigated. For this, the
NAIM system (pph/polyplg/plg(SiO2-NH2)/GC) was subjected to a LSV scan in 3 M KCI
before the uptake of Au-Cit NPs. The potential range is the same as used for the
oxidation of Au-Cit analyte NPs. The absence of a shoulder peak in the range of 0.95 V
to 1.1V (as observed in Figure 31) in the first, second and third LSV scans in Figure
32 implies that the peak in Figure 31 is not caused by the plumbagin-based matrix.
When the very same NAIM system is subjected for electrooxidation in 3 M KCI after
exposure to an aqueous suspension of Au-Cit NPs, the shoulder peak 1b reappears
as shown in Figure 32b as noticed during the LSV scans of almost all the samples
previously exposed to Au-Cit. Therefore, this peak possibly appears due to the
electrooxidation of Au-Cit NPs non-specifically adsorbed on the surface of the matrix,
without any direct attachment to the GC working electrode. The absence of a similar
shoulder in oxidation studies on pph/polyplg/plg(SiO2-NH2)/GC in Figure 32a, i.e.,
without exposure to Au NP suspension, proves that the occurrence of this peak cannot

be linked to the matrix.

It is known that metal NPs attached to impermeable and insulating films can
facilitate electron transfer reactions across the film that otherwise would not
occur.l'40.141] Electrodissolution of metal NPs can exhibit potential shifts in positive or
negative direction depending on the interaction with the surface.['*? It is therefore
assigned to the electrooxidation of non-specifically attached Au-Cit NPs. The behavior
of non-imprinted samples substantiates the fact that the oxidation current obtained at
0.8 - 0.9V from imprinted samples is associated only with the specifically adsorbed
NPs which could occupy the cavities and are in direct contact with the glassy carbon

electrode.
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Figure 32. LSV scans obtained in 3 M KCl at v =0.05 V s1from a) pph/polyplg/plg(SiO2-NH2)/GC before
Au-Cit NP uptake and b) pph/polyplg/plg(Au-Cit)/GC after Au-Cit NP uptake. Reprinted from own
publication%€ under license CC BY 4.0. Copyright 2023 The Authors

Surprisingly, the recognition ability of the matrix modified with 1,2-ethanedithiol
at pH 5 is not very high as evidenced by the rather small Au oxidation peak in Figure
31, curve 2a. The well-known thiol-gold chemistry would suggest a very high uptake
by this matrix. Subsequently, the impact of pH on the selectivity of a dithiol-modified
matrix is studied to understand the uptake ability of the matrix. After removal of
template NPs, the NAIM system is exposed to Au-Cit NP solution at pH 10. The amount
of specifically retained Au NPs is quantified by LSV (Figure 33)

A distinct oxidation peak at 0.9 V vs Ag/AgCl for Au NP dissolution is clearly
visible from the first LSV curve in Figure 33, curve 1. In the second scan, the peak is
shifted to 0.82 V vs Ag/AgCl. Compared to the uptake by the identical NAIM at pH 5,
the oxidation current is noticeably higher than in Figure 31, curve 2a. The formation of
Au-S bonds between dithiol attached to the matrix and the Au NPs is likely responsible
for the preferential uptake of Au-Cit NPs by a dithiol-modified matrix. The Au-S bond
formation begins with the cleavage of the S-H bond of the thiol followed by the
chemisorption of thiolate onto gold via a covalent bond.['43144 The concentration of
thiolate anions increases at pH 10 promoting the Au-S bond formation at the Au
NPs.l'4%1 To compare the uptake efficiency of all the NAIM systems, the total number of
electrochemically oxidized Au-Cit NPs was calculated by integrating the area under the
oxidation peak. A detailed calculation is given below. The result from the calculations

is summarized in Table 5.

65



For comparison, the uptake ability of a cysteamine-modified matrix was also
studied at pH 10. Figure 33, curves 3 and 4 show the first and second LSV scans
corresponding to the Au-Cit NP dissolution. The sharp oxidation peak for Au-Cit NP
dissolution observed with the dithiol-modified matrix (Figure 33, curve 1) is absent in
case of cysteamine-modified matrix at pH 10. A rising background current can be
observed in a similar potential range, where the oxidation of Au-Cit NP is expected.
This also makes it difficult to distinguish the oxidation curve from the background
current. In the second LSV scan, a small signal at 0.78 V vs Ag/AgCl can be assigned
to the electrochemical dissolution of Au-Cit NPs, which is further diminished in the

subsequent scans (not shown).

e e
E /V vs Ag/AgCl (1M KCI)

Figure 33. LSV curves in 3 M KCI at v=0.05 V s for a dithiol-modified NAIM (1, 2) and cysteamine-
modified NAIM (3, 4) after the uptake of Au-Cit NPs at pH 10. The first and second LSV scans are

shown. Reprinted from own publication(t%! under license CC BY 4.0. Copyright 2023 The Authors

Among the studied NAIM systems, 1,2-ethane dithiol-modified NAIM at pH 10
shows the highest uptake efficiency, which can be explained by the enhanced gold-
thiol interactions at pH 10. This is followed by cysteamine-modified NAIM at pH 5. The
matrix without modifications has some uptake ability at pH 5 followed by the 1,2-
ethanedithiol-modified matrix at pH 5. The lowest uptake ability is noticed for the
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cysteamine-modified matrix at pH 10, owing to the weak interactions between the NPs

and the matrix.

To compare the different NAIM systems regarding their uptake ability, the
number of electrochemically dissolved NPs for each NAIM systems were calculated
from the area under the Au-Cit NP oxidation curves (Figure 34).*'l The electrooxidation
of Au-Cit NPs in 3 M KCI, where KCI acts as an electrolyte as well as a complexing
agent, oxidizes the Au-Cit NPs from the NAIM systems, as shown in the following

reaction:
Au+4 Clr=[AuCls]-+ 3 e (6)

The total number of electrochemically dissolved NPs per unit area is calculated
for pph/cysteamine/polyplg/plg/( )/GC (pH 5), pph/cysteamine/polyplg/plg/( )/GC
(pH 10), pph/dithiol /polyplg/plg( )GC (pH 5), pph/dithiol/polyplg/plg/( )/GC (pH 10),
and pph/polyplg/plg/( )/GC (pH 5). The area under the LSV curves obtained from the
Au-Cit NP oxidation was integrated and related to the scan rate v =0.05V s to yield
Qotal (Table.5)
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1201 1201 )
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Figure 34. LSV curves for Au-Cit NP dissolution in 3 M KCI solution at v = 0.05 V s used for the charge
calculations; a) cysteamine-modified matrix after uptake of Au-Cit NPs at pH 5; b) 1,2-ethane dithiol-
modified matrix after uptake of Au-Cit NP at pH 5; ¢) matrix without modifications after uptake of Au-Cit
NPs at pH 5; d) 1,2-ethane dithiol modified matrix after uptake of Au-Cit NPs at pH 10; e) cysteamine-
modified matrix after uptake of Au-Cit NPs at pH 10. Reprinted from own publication'°¢! under license
CC BY 4.0. Copyright 2023 The Authors
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Q=1 [ 1(E)dE ™
\'

E

The amount of charge required to remove one Au NP of diameter 55 nm is calculated

as follows:
Molar mass of Au, Mau = 196.96 g mol*
Density of Au, p=19.32 g cm-3
Diameter of Au NP 2 nve = 55 nm (from TEM analysis)
Radius of Au NP, mp = 27.5 nm
Volume of Au NP,
Vaune =2 mr® = 8.7 x 107 cm? (8)
Mass of one individual Au NP,
mne = p Ve =1.7x 101 g 9)

Amount of Au atoms in one Au NP of 55 nm diameter,

Natom = TJNP = 0.85 x 101 mol (10)

Au
Charge required to remove one Au NP (n = 3, F = 96 485 As mol),
Qnp = Natom'n'F = 2.5 x 1012 As (11)
The area-related charge is obtained by Qtal by the electrode area of A = 0.5 cm? (Table

5).

QIA = Leocet (12)

The total number of electrochemically dissolved NPs can be calculated from
_ Q/A
'Ne = =—— (13)

Qnp

The total number of electrochemically dissolved NPs is given in the Table 5.
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Table 5. Calculated charge and number of electrochemically dissolved Au NPs by integrating the area

under Au NP oxidation peaks; v =0.05 V s,

NAIM systems Peak area Charge (Qtotal Q/A r

Y [A mV] R A Qi

cm-?]

pph/cysteamine/polyplg/plg(Au-Cit)/GC 0.0056 1.1 x10* 22 x10% 9.1x107
(BH 5}
p
E)pﬁl%ﬁteamine/polyplg/plg(Au—Cit)/GC 0.00063 1.3 x 10° 25x10% 1.0x 107
p
E)pﬁ/g;thioI/ponpIg/pIg(Au-Cit)/GC 0.00116 2.3x10° 4.6x10° 1.9x107
p y
pph/dithiol/polyplg/plg(Au-Cit)/GC 0.00595 1.2 x 104 24 x10% 9.6 x 107
(pH 10)
p
pph/polyplg/plg(Au-Cit)/GC (pH 5) 0.0026 5.2 x 10° 1.1x10% 4.2x 107

The SiO2-NH2 NPs were manually identified and counted to be 156 NPs from a
1 um x 1 ym area of a SEM image. This translates to a particle density of 1.56 x 10°
NPs cm 2. Assuming all the template NPs on removal lead to the formation of well-
defined cavities which allows electrical contact to the underlying glassy carbon
substrate, the estimated density of the electrochemically dissolved NPs can be related
to the estimated density of cavities. The uptake efficiency of each NAIM systems can

be calculated based on this assumption.

The estimated number of electrochemically dissolved NPs are given in the
Table5, ranging from 1 to 9.1 x 10”7 NP cm™. The uptake efficiency is calculated for
each NAIM system and provided in the Table 6. This is only a small fraction. At present,
the exact reasons are not clear. However, it seems that only a perfect fit of the NP at
the bottom of a cavity enables their electrochemical detection, as shown in the
schematics in Figure 36. In contrast attachments to the side wall of a cavity does not

lead to a signal generation as it has been observed before.[*]

To study the size selectivity of the NAIM system, smaller analyte NPs were
synthesized according to Bastus et al.[%! The synthesized Au-Cit NPs were analyzed
using TEM. Figure 28b shows the spherical structure of the Au-Cit NPs of size (37 £ 3)
nm. To illustrate the size-selective recognition of the NAIM matrices, the Au-Cit NPs
with a diameter of (53+3) nm were replaced by Au-Cit NPs with smaller diameter of
(37+3) nm.
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Table 6. Calculated uptake efficiency of different NAIM systems

NAIM systems Uptake efficiency
pph/cysteamine/polyplg/plg(Au-Cit)/GC (pH 5) 5.8 x 102
pph/cysteamine/polyplg/plg(Au-Cit)/GC (pH 10) 6.4 x 104
pph/dithiol/polyplg/plg(Au-Cit)/GC (pH 5) 1.2 x 103
pph/dithiol/polyplg/plg(Au-Cit)/GC (pH 10) 6.2 x 103
pph/polyplg/plg(Au-Cit)/GC (pH 5) 2.7 x 103
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Figure 35. LSV curves in 3 M KCI solution at v = 0.05 V s for the oxidation of Au-Cit NPs (35 + 3) nm
in diameter at a) cysteamine-modified b) 1,2-ethane-dithiol-modified and ¢) matrix without modifications
having cavities formed by SiO2-NH2 template NPs with (58 + 3) nm, uptake at pH 5. Reprinted from own
publication%! under license CC BY 4.0. Copyright 2023 The Authors

The uptake experiment is repeated with all three NAIM systems at pH 5. The
Au-Cit analyte NPs for this test were (37 £ 3) nm in diameter and, thus, is much smaller
than the template SiO2-NH2 NPs. The NAIM system with covalent modification by
cysteamine and dithiol as well as the matrix without modifications were exposed to Au-
Cit NPs (37 = 3) nm in diameter at pH 5 for 12 h and analysed for the uptake ability.
The LSV curves for the Au-Cit NP oxidation are shown in Figure 35. The curves do not
show the sharp peak at 0.9 V vs Ag/AgCI typical for the oxidation of Au-Cit NPs in
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cavities. This implies that those NAIM system cannot selectively recognize the smaller
analyte NPs. A plausible explanation could be that the NPs are non-specifically
adsorbed to the matrix surface due to the workable interactions explained before and
fail to occupy the bottom of the cavities as shown in Figure 36. It could be also possible
that NPs tend to attach to the side walls of the cavities, as observed in the previously
studied NAIM systems,#'.146] without any contact to the GC electrode (Figure 36a and
c). A broad peak between 1.0V and 1.1V vs Ag/AgCl can be observed in the LSV
scans. As explained in the context of Figure 31, this is probably due to the oxidation of
these non-specifically attached Au-Cit NPs. The incapacity in recognizing smaller
analyte NPs can corroborate the size-selective recognition ability of these NAIM

systems.

+ + 3+
Au’ Au’ Au S,

A I )

ayx bl c)x d)/ Ay

Figure 36. Schematics showing the size selectivity of the NAIM system. a) smaller Au-Cit analyte NPs
attached to the sidewalls of the cavities; b) Au-Cit NPs occupying the cavities of matching size; c)
multiple smaller Au-Cit NPs occupying larger cavities and d) non-specifically adsorbed Au-Cit NPs.
Reprinted from own publication!1%! under license CC BY 4.0. Copyright 2023 The Authors

Overall, three different NAIM systems are designed for studying the influence of
matrix modifications on NAIM selectivity. The possibility for post modification of the
plumbagin-based matrix on an activated glassy carbon substrate gives way for the
utilization of different functional groups for the recognition process between the NAIM
and the ligand shell of the analyte NPs. This advantage is demonstrated by covalent
modification of polyplumbagin matrices with cysteamine or 1,2-ethanedithiol. The thiol
moiety is an excellent nucleophile for conjugate addition to the quinone rings within the
polyplumbagin layer. The matrix modified by cysteamine shows the highest uptake at

pH 5 due to the interactions between protonated amino groups of cysteamine and
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citrate groups on Au-Cit NPs while the dithiol-modified matrix shows the highest uptake
at pH 10.

The impact of pH on the recognition ability is remarkable. At pH 10, the dithiol-
modified matrix shows five times higher uptake efficiency than at pH 5. This is linked
to the formation of more thiolate anions in alkaline solution, leading to an increased
interaction with Au-Cit NPs. Due to the chemistry of the matrix as well as the introduced
functional groups, the Au-Cit NPs can establish different interactions like electrostatic,
hydrogen bonding or covalent bonding with the matrix. Therefore, the covalent matrix

modifications have a remarkable effect on the recognition ability of the NAIM systems.

Along with the modifications, the size matching of the analyte and template NPs
has a profound impact on the selectivity of the NAIM. The analyte NPs and template
NPs should be in the same size range for the NAIM system to exhibit high uptake
efficiency. These studies can be diversified by varying size, shape and type of the
template NPs and different matrix modifications to adapt the system for different

analyte NPs.
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6 NAIM Systems with Polystyrene Template NPs

To expand the variety of template and analyte NPs available for orthogonal removal
methods, NAIM systems with PS NPs were tested. Polystyrene is generally considered
biocompatible, making it suitable for biomedical and technological applications.['*"]1 The
hydrophobic core of polystyrene NPs (PS NPs) allows their surface modification. It
makes them valuable tools for investigating cellular uptake, protein adsorption, and

other interactions at the nanoscale.[48!

PS NPs are selected as the template NPs as it offers several advantages. PS
NPs are available in different sizes and with various surface modifications. This work
used sulfate-modified PS NPs to study the NAIM systems. By controlling the synthesis
conditions, the size, shape, and surface properties of PS NPs can be tailored to specific
applications. These NPs can be developed with different surface modifications like
sulfate, amine, aldehyde, etc. This tunability allows to optimize the NPs for their
intended purposes.l'49150 The changes on the surface of the NPs make it easier to
assemble the NPs onto the relevant substrate, which is the initial step in the
development of the NAIM system. PS NPs are stable and can resist degradation,
making them suitable for long-term storage and applications where prolonged stability

is essential.[149]

The hydrophobic PS NPs, with their non-polar hydrocarbon chains, result in
limited solubility in water-based solutions due to their poor interaction with polar water
molecules. However, the solubility of PS NPs can be influenced by several factors,
including the size and surface functionalization of the NPs and the type of solvent
used.l'>' In general, PS NPs exhibit better solubility in non-polar and organic solvents.
When placed in organic solvents, the hydrophobic polystyrene chains can interact
more favorably with the solvent molecules, resulting in better solubility. Typical organic
solvents used for dissolving PS NPs include toluene, chloroform, xylene, and
tetrahydrofuran (THF), among others. The solubility of PS NPs in various non-polar
solvents is attractive to remove such NP from a NAIM system, for which they may be

used as template NPs.
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6.1 Attachment of Sulfate-Modified Polystyrene NPs onto ITO

The preliminary step in developing the NAIM system is to modify the substrate surface
with template NPs. The ITO substrate was cleaned, as explained in Chapter 4 and
dried in the Ar stream. The template PS NPs is negatively charged due to the sulfate
groups on the surface of the NPs. As discussed in the previous chapter, we relied on

the self-assembling approach to obtain good coverage of PS NPs.

The initial step involves adsorbing a positively charged primer layer,
poly(diallyldimethylammonium chloride) (PDDA), chemisorbed on the surface of
cleaned ITO substrate (PDDA/ITO). Figure 37 shows the high-resolution N 1s XP
spectra of PDDA-modified ITO with a peak at 403.1 eV corresponding to the presence
of quaternary amines (N*). In contrast, a peak at 400.1 eV indicates the presence of
tertiary amines (N°). However, in the chemical structure of PDDA, (structure of PDDA
shown in the inset of Figure 37) tertiary amines are absent. Pei et al.['%2 demonstrated
the occurrence of tertiary amine in the structure of PDDA, however, the underlying
reason for this occurrence remains unknown. The PDDA layer on ITO attracts
negatively charged sulfate-modified polystyrene NPs (PS NPs) of size approximately

60 nm diameter. XPS confirms the presence of a primer layer.

N 1s

Intensity (arb. units)

PDDA

408 406 404 402 400 398 396
Binding Energy (eV)

Figure 37. N 1s spectra of PDDA-modified ITO formed after the modification of ITO surface with a primer
layer of PDDA. The inset shows the chemical structure of PDDA.
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The distribution of PS NPs on the surface of ITO depends on the quality and
coverage of the initial PDDA layer. A 2 h immersion of PDDA/ITO in a colloidal solution
of PS NPs is sufficient for attaining a surface covered uniformly with PS NPs. Figure
38a shows the TEM and corresponding size distribution of the template PS NPs. image
The SEM and AFM images after the adsorption of PS NPs are shown in Figures 38b
and 38c. We denote the ITO surface decorated with PS NPs as (PS)PDDA/ITO for
brevity. SEM and AFM images show the well-assembled PS NPs on the surface of
PDDA/ITO. Figure 38d is the phase image of (PS)PDDA/ITO, which shows the
presence of NPs. A dark region in the center of a few NPs with a brighter outline can
be observed in Figure 38b, which is probably due to the charging effect in observing a

non-conductive sample in SEM.
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Figure 38. a) Size distribution of commercially bought sulfate-modified PS NPs. TEM image of the PS
NPs is shown in the inset, b) SEM image of (PS)PDDA/ITO, c) AFM topography image, and d) AFM
phase image of (PS)PDDA/ITO.
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6.2 Formation of Insulating Polymer Films over PS/PDDA/ITO

The formation of thin polymer films via electrochemical methods is a promising route
toward developing functional surfaces. The properties of the consequential film
coatings depend on the electrolytes, deposition conditions, precursors, etc.['53
Dependence on electrochemical processes for thin film deposition results in
homogeneous, uniformly thick films even on rough substrates.['5l The process can be

monitored in real time and can be controlled in case of necessity.['%%

6.2.1 Polydopamine-Based NAIM

Dopamine was used to create a polymer matrix polydopamine (PDA). The Lewis
structure of dopamine is shown in Figure 40. PDA offers advantages as NAIM material
because it is stable and can be deposited on various substrate materials with tunable
film thickness.l'® |t also contains functional groups like amine, imine, and catechol
that can be used in the recognition process.['5-159 PDA is a synthetic polymer that
mimics the structure of the naturally occurring pigment dopamine. The exceptional
adhesive nature of PDA is one of its remarkable advantages. A facile approach was
introduced by Lee et al.['*"l to form a thin and versatile coating of polydopamine on
various surfaces. The method is simple and easy to implement, but the process makes
it difficult to obtain homogeneous films. The schematic in Figure 39 shows the different

steps involved in developing the NAIM system.

a) b) c) d) e) P
+ +o

}/;\{C" @ sulfate - PS NP Au - Cit NP
» PDDA

Figure 39. lllustration of electropolymerized NAIM with insulating PS template NPs: a) PDDA-modified
ITO substrate to promote adhesion of sulfate-PS NPs b) adhesion of sulfate-PS NPs to PDDA-modified
ITO; c) electropolymerization of the polydopamine matrix, d) cavities formed after the removal of the
insulating template NPs by dissolution; e) uptake of Au-Cit analyte NPs followed by the electrodissolution
of Au-Cit analyte NPs.
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The stability and reproducibility of the film are substantial for the NAIM system.
Studies have shown that the electrochemical deposition of PDA leads to stable and
homogeneous films.['%8 Electropolymerization of dopamine is possible as it can
undergo electrochemical oxidation and subsequent polymerization to form a PDA film.
This process offers precise control over film properties and is versatile, making it
valuable in various fields, including materials science, biomaterials, and sensor
development. The electropolymerization of dopamine follows the ECE mechanism
(Figure 40).[160.161] |nitially, an electron transfer (E) by exchanging two protons and two
electrons. This step is followed by a chemical step (C) of cyclization reaction via
conjugate addition, as shown in Figure 40. This step leads to the formation of
leucodopaminochrome. This is later oxidized to dopaminochrome, forming the

polydopamine film.

HO o HO H o H
HO NH, ¢ NH, ~  Ho @

dopamine o-dopaminoquinone leucodopaminechrome dopaminechrome

|
bl
]

polydopamine

Figure 40. Mechanism of electropolymerization of dopamine.

PDA electropolymerization was performed on a (PS)PDDA/ITO substrate in a
phosphate buffer solution with a pH of 7.4, as described in section 4.6.2. Figure 41a
shows the cyclic voltammogram of polydopamine electropolymerization from a 10 mM
dopamine solution in deoxygenated 10 mM phosphate buffer of pH 7.4 on ITO
decorated with PS NPs. The formation of insulating PDA film is evident from the
decrease in the cathodic and anodic current with the number of potential cycles. The
film thickness can be controlled by the number of potential cycles during the
electropolymerization.'l  The (PS)PDDA/ITO surface after polydopamine

electropolymerization is studied by SEM. The PS NPs are not disturbed during the
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process of polydopamine electropolymerization, which can be confirmed by the SEM
image in Figure 41b. The change in the contrast of PS NPs before and after
electropolymerization is maybe due to the electrodeposition of a partial layer of

polydopamine over the PS NPs, explained later in the chapter.
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Figure 41. a) The 1st, 5% and 25" CV scans during the electropolymerization of dopamine on
(PS)PDDA/ITO from a 10 mM dopamine solution in deoxygenated 10 mM phosphate buffer of pH 7.4,
b) SEM image of (PS)PDDA/ITO after the electrodeposition of polydopamine film.

AFM images of electropolymerized polydopamine (without PS NPs) reveal a
smooth homogeneous topography (Figure 42a). The RMS roughness of the film is
3.31 nm for an area of 1.45 ym x 1.38 uym. The thickness of the PDA film is determined
to be approximately 24.1 nm by the AFM scratching method in contact mode (Figure
42b). This system will be denoted as PDA/(PS)PDDA/ITO.
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Figure 42. a) AFM topography image of the polydopamine film deposited on ITO in intermittent mode

and b) AFM thickness analysis of polydopamine in contact mode.

The PDA film permeability is studied in 1 mM [Ru(NH3)s]Cls + 0.1 M KCI. The well-
defined quasi-reversible redox peaks in Figure 43a, curve 1 corresponds to the
[Ru(NH3)6]**2* response on (PS)PDDA/ITO. Cyclic voltammograms of
PDA/(PS)PDDA/ITO in 1 mM [Ru(NHs)s]Cls + 0.1 M KCI revealed the insulating
behavior of a pinhole-free film (Figure 43b, curve 2). This contrasts with the behavior
of the NAIM system after removal of the PS NP templates. A 20 h immersion in toluene
removes the PS template NPs. The ensemble of cavities behaves like a random array
of nanoelectrodes (Figure 43b, curve 3). A sigmoidal curve, as observed in Figure 7b,
curve 3, is expected if the hemispherical diffusion layers of the individual nanoelectrode
do not overlap. This is expected if the distance between two active nanoelectrodes is
about 10 times the diameter of the electrode.l'62163 The average distance between the
template NPs measured is (127 + 26) nm in Figure 44. The average diameter of the
cavities (the black region in the center) is (44 + 2) nm. Details of this estimation are
provided in Figure 44. The ratio of distance to diameter is calculated to be 2.9, which
is less than expected to have a sigmoidal curve. This contrast may be because not all
the cavities formed after the dissolution of PS NPs are electrochemically active or
because the diameter of the contact area to the substrate electrode is considerably
smaller than the black regions evaluated from the SEM image. The percentage of
electrochemically active cavities is calculated according to Witt et al.*"l to 19.5% by
considering the cavities in the NAIM as a randomly arranged array of microelectrodes,
where each cavity acts as a recessed microelectrode.
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Figure 43. Redox probe studies a) at 1) (PS)PDDA/ITO, 2) PDA/(PS)PDDA/ITO, and 3)
PDA/( )PDDA/ITO in 1 mM [Ru(NH3)s]Cls + 0.1 M KCI at a scan rate of 0.1 V s-!, b) magnified plot of

curves 2 and 3 of (a).

If all the cavities were considered open and electrochemically active, the total
current density can be calculated using Eq. (1). The symbols have the following

meaning:
I'yp, the total number of NPs calculated from Figure 38b is 60 x 108 cm

n, the number of electrons transferred during the reaction of the redox probe is 1
F, Faraday constant = 96,485 As mol-'

D, diffusion coefficient of the redox probe = 9.1x 106cm2 s

c¢*, solution concentration of the redox probe = 1.0 x 10 mol cm™3

The ratio X between the diffusion-limited currents at an inlaid nanodisk electrode iy

and a recessed nanoelectrode iram of the same radius is given by,

X=1+ =2 (1)

TYRAM IRAM

Teay = alv/m = 1.6 nn, where a is the diameter of the cavities and 1 is the film

thickness.

4x(20x1077 cm) _ 17
3.14 X(1.6 X 10~7 ¢m)

=1+
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Expected jpay = Inp X  4nFDC"Tpay (2)

=198 x 107*Acm™2

The ratio I1 of active nanocavity to the number of template NPs can be calculated using

the following equation:

1= B4 . 100 % (3)

Ajram

=19.5%

—— - diameter of the
nanocavities

—— - distance between
two nanocavities

Figure 44. SEM image of the cavities formed after the dissolution of the PS NPs. The enlarged region

is used for the size analysis of the nanocavities and cavity distance.

However, Figures 45a and 45b show that the shape of the cavities is reminiscent
of a doughnut with cavities of 40 — 50 nm diameter, where Figure 45b is visualized at
52° for a clearer picture of the cavities. The doughnut shape can be caused by the
tendency of dopamine to self-polymerize in alkaline solution by a chemical reaction of
catechol and amine groups without electron transfer.['64'571 The hydrophilized surface
of the PS NPs may support the deposition of chemically polymerized PDA on them.[164
The schemes in Figure 45¢1 — c3 show schematic representations of the partial
coverage of the PS template NPs by PDA, leading to the formation of doughnut-shaped
cavities after the dissolution of the template. Similar results were observed when
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toluene was replaced with chloroform as a solvent of PS dissolution. Previous studies
have shown the tendency of PDA to coat the surface of PS NPs in suspension, a
phenomenon that has been exploited to form stable hollow spheres widely used in drug

delivery.[64]

c1 )o o c2) c3)
ITO 7 ITO 7 ITO

Figure 45. SEM image a) recorded after the dissolution of PS NPs from the PDA-based NAIM, b) of the
cavities recorded at 52° tilt. In the inset, a region is magnified for clarity; c¢) Schematic of the
PDA/(PS)PDDA/ITO: PDDA/ITO surface modified with PS NPs (c1) followed by the

electropolymerization of PDA matrix which partially coats the NPs (c2) and the removal of PS NPs from

the matrix forms dough-nut shaped cavities (c3).

In a study by Xie et al.,['®%] sulfonated PS NPs were used as sacrificial templates
on which PDA was self-polymerized at a basic pH. On removal of PS NPs, doughnut-
shaped cavities like the ones discussed in this chapter were formed, which found
applications in drug delivery. Similarly, studies by Wang et al.l'®* have shown a similar
approach where PDA was self-polymerized on the sulfonated PS NPs. Followed by PS
NPs removal, similar cavities were formed, which were found to be helpful in the field
of tissue engineering and regenerative medicine. The rough surface of PS NPs due to

the sulfate groups also facilitates the adhesion of PDA onto them.
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The extent of detachment of polydopamine coating before and after immersion in
toluene is investigated with the aid of XPS (Figure 46). The XPS study was done to
study the extent to which a 20 h immersion in toluene affects the PDA film on ITO. The
N 1s spectra of polydopamine before and after immersion in toluene are fitted with
three peaks corresponding to =N-R around 398.2 eV, R-NH-R at 399.5 eV, and R-NH2

at 401.3 eV, proving the presence of a stable film even after immersion in toluene.['66]
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Figure 46. N 1s XP spectra of PDA/(PS)PDDA/ITO a) before and b) after immersion in toluene for 20 h
for the removal of PS NPs.

Due to the overgrowth of PDA film over PS NPs, the formed cavities were
doughnut-like after the dissolution of PS NPs. Such holes affect the uptake ability of
the NAIM system. Also, the PDA overgrowth makes the removal of PS NPs difficult and
time-consuming. It requires prolonged exposure to toluene for the removal of PS NPs.
Some cavities are distorted due to the long exposure. Since there is no control over

the self-polymerization process, the reproducibility of the system is also challenging.

6.2.2 p-Phenylene diamine-Based NAIM
A brief study is conducted with other polymer films to probe the problem of film
overgrowth when polydopamine is used as the matrix. Initially, a p-phenylenediamine

(p-pd)-based matrix was studied to optimize the parameters. Electropolymerization of
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aromatic diamines offers several distinct advantages. These advantages stem from the
unique properties of aromatic diamines. The presence of multifunctionality due to the
free amino group per repetitive unit makes it more attractive as a polymer film.
Electropolymerization provides precise control over the deposition of the polymer film
onto the electrode surface. This controlled deposition allows for the fabrication of
uniform and well-defined thin films with tuneable thickness, crucial for ensuring

consistent and reproducible films.['67.168]
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Figure 47. Mechanism of electropolymerization of p-pd leading to forming a homogeneous layer on ITO.

A p-pd film was initially electropolymerized on a cleaned ITO from 5mM p-pd in
0.1 M sodium phosphate buffer of pH 7 for 25 potential cycles. The mechanism for
electropolymerization of p-pd is shown in Figure 47.1'6%.1701 Figure 48a shows the cyclic
voltammogram for the electropolymerization of p-pd. Initially, the p-pd monomer
adsorbs on the surface of the ITO substrate followed by the oxidation of the monomer.
An oxidation peak at 276 mV corresponds to forming a radical cation after removing
an electron from one of the amino groups. This is followed by the cleavage of the C-N
bond, forming a radical cation, which attacks the p-pd monomers in solution. A small
reduction peak can be observed at 53 mV (Figure 48b). This might be due to the
reduction of radical cations, forming the p-pd monomer.l'71l
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Figure 48. a) The 1st, 2nd, and 25" CV scans during the electropolymerization of p-phenylene diamine
on (PS)PDDA/ITO from a 5 mM p-phenylene diamine solution in deoxygenated 0.1 M phosphate buffer

of pH 7, b) 25t CV scan during the electropolymerization of p-phenylene diamine is shown for clarity.

Film topography was studied in tapping mode using an NCHV-A tip of tip radius
8 nm. AFM image of the polyphenylene diamine film deposited on bare ITO is shown
in Figure 49a. From the AFM studies, the presence of a smooth polymer film can be

inferred. The RMS roughness of the film is 3.4 nm for an area of 1 ym x 1 ym. The

thickness of the film is an essential parameter for the NAIM system. The thickness of
the deposited p-pd film on ITO (p-pd/ITO) was studied by the AFM scratching method
to be 19 — 20 nm (Figure 49b).

Figure 49. a) AFM topography image of polyphenylene diamine film deposited on ITO in intermittent

mode and b) AFM thickness analysis of polyphenylene diamine in contact mode.
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After optimizing p-pd film deposition conditions and thickness, the p-pd film was
electropolymerized on a PS NP-decorated PDDA/ITO. The film was
electropolymerized under a similar situation as explained before. Figure 50a shows the
SEM image after the electropolymerization of p-pd. Subsequently, the sample (p-
pd/(PS)PDDA/ITO) was immersed in toluene for 20 h to remove the PS NPs from the
sample in order to form the cavities. SEM images recorded after the exposure to
toluene reveals doughnut-shaped cavities, as observed in the PDA-based NAIM

system, along with a few irregular cavities (Figure 50b). Figures 50c and d show the

AFM topography and phase images recorded after the dissolution of PS NPs.

Figure 50. SEM image a) of (PS)PDDA/ITO after the electropolymerization of p-pd; b) recorded after the
dissolution of PS NPs from the p-pd-based NAIM; c) topography image and d) phase image of the

cavities recorded in the intermittent contact mode.
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6.2.3 Polyphenol-Based NAIM

Later, PDA and p-pd were replaced with polyphenol (pph) film to examine the
NAIM system. The electropolymerization of phenol is a well-known process, and the
mechanism is explained in Chapter 5. The ITO substrate modified with PDDA after
exposure to PS NPs ((PS)PDDA/ITO) was subjected to polyphenol
electropolymerization. The electropolymerization of phenol was monitored through CV,
and the subsequent phenol oxidation curve was observed at 0.95V vs Ag/AgCl. A
decrease in the anodic current in the subsequent cycles confirmed the presence of a
passivating polyphenol film on (PS)PDDA/ITO. This sample state will be denoted as
pph/(PS)PDDA/ITO for brevity. This sample was exposed to toluene for 12 h to remove
the PS NPs from the matrix. AFM studies of the sample after exposure to toluene
exhibit similar doughnut-shaped cavities as observed in PDA/( )PDDA/ITO and p-
pd/( )PDDA/ITO. Figure 51 shows the AFM image of the polyphenol-modified NAIM

matrix after toluene immersion.

Figure 51. AFM topography image recorded after the dissolution of PS NPs from the pph-based NAIM
in the intermittent mode using an NCHV-A AFM tip (k=42 N m ).
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From the above examples, a common observation is the formation of doughnut-
shaped cavities on the dissolution of PS NPs from the NAIM matrix. A long immersion
time in toluene is required to form such cavities. This also led to the formation of
irregularly shaped cavities. The presence of cavities was not uniform overall on the
sample surface. The size of the cavities was measured to be 44 — 48 nm using ImageJ
software. However, it can be observed that the cavity shape significantly limits the

uptake of analyte NPs.

Insulating PS NPs were chosen to build a NAIM matrix in order to prevent the film
overgrowth over the NPs, as explained in Chapter 5. Here, the unexpected occurrence
of such specifically shaped cavities points to the overgrowth of polymer films over the
NPs as explained before. The polymer properties can be tuned by functionalizing the
polymer backbone, which can determine the physical properties of the polymer. For
instance, the nature of rigid hydrophobic PS NPs transmutes to soft hydrophilic sulfate
PS on sulfation.l'”2l PDA has been widely used to coat NPs to enable various surface
properties. Previous studies have shown that the sulfonate groups on the PS NPs!'73l
interact readily with other functional groups of various polymers. Studies by Lu et al.l['”3]
had shown that lightly sulfonated PS NPs can interact with polyamide-6 through
hydrogen bonding between sulfonate and amide groups or via ion-dipole interaction
between the sulfonate species and polarized N-H bond. Correspondingly, the hydrogen
bonding between the N-H of polybenzimidazole and sulfonate groups of PS NPs
produced a new polymer miscible blend. The dissolution of spherical PS NPs resulted
in a hollow polybenzimidazole ring advantageous for developing PEM fuel cells.['74
The above examples suggest the different kinds of interactions between sulfonated PS
NPs and multifunctional polymers. Anticipated interactions between the sulfonate
groups on polystyrene NPs (PS NPs) and polymer films are likely to occur when
sulfate-modified PS NPs are employed. This might result in the growth of these

polymer films over PS NPs, causing the doughnut-shaped cavities.

6.2.4 Aryl diazonium-Based NAIM

The last approach to study the sulfate-modified PS template NP-based NAIM system

was developing a matrix by in situ diazotization of 3-aminopyridine (3-AP) followed by

its electrografting. Electrografting of diazonium salts is a versatile and powerful

technique to modify the surface of various conductive substrates, such as metals or
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carbon-based materials, with organic functional groups.['”® The process involves the
electrochemical reduction of diazonium salts, converting them into stable layers that
are covalently attached to the substrate. This method has gained significant interest in
various fields due to its ability to tailor surface properties, impart specific functionalities,
and enhance material performancel'’8! facilitating vast possibilities for interdisciplinary
applications in various fields.!'”5-1771 The detailed mechanism is explained in Chapter
7.

Specifically, pyridine has also been successfully electrografted on carbon and
metal surfaces from the in situ-generated diazopyridinium cations.l'°178 |t is to be
noted that diazopyridinium salts are highly unstable and not available as salt. The
surface modification with 3-diazopyridinium cations is considered stable and beneficial

compared to 2-amino and 4-amino diazopyridinium cations.[101.179]
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Figure 52. The 1st, 2", and 20" CV scans during the electrografting of 3-aminopyridine on PDDA/ITO
from 20 mM 3-aminopyridine + 40 mM NaNOzin 0.5 M HCI.
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22.1 nm

Figure 53. a) AFM topography image of the 3-aminopyridine film deposited on ITO in intermittent mode
using an NCHV-A AFM tip (k = 42 N m -1) and b) AFM thickness analysis of the 3-aminopyridine film in
contact mode using an MSCT AFM tip (k = 0.6 N m1).

An ITO surface was initially modified with a PDDA layer to attach the negatively
charged sulfate-modified PS NPs. After the modification with PS NPs, the
PS(PDDA)/ITO was subjected to electrografting as described in section 4.6.3. The CV
corresponding to the electrografting of 3-AP is shown in Figure 52. The potential of ITO
was scanned between 0.8 to -0.8 vs Ag/AgNOs in the presence of 3-diazopyridinium
cations. In the first scan, an irreversible reduction peak can be observed around -
0.39 V which disappeared in the subsequent scans. The thickness of the electrografted
aminopyridinium layer ranged between 22 — 25 nm. (Figure 53). The sample at this
stage can be abbreviated as 3-AP/PS(PDDA)/ITO. Figure 54a shows the SEM image
of PDDA/ITO after exposure to PS NP solution for 2 h, and Figure 54b shows the SEM
image after electrografting the 3-AP film. It can be observed that the PS NPs on the

surface of ITO are undisturbed during the electrografting process.
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Figure 54. SEM image of a) PDDA/ITO after a 2 h immersion in sulfate-modified PS NP dispersion, b)
(PS)PDDA/ITO after electrografting the 3-aminopyridine-based matrix.

After a 12 h exposure to toluene, the sample was studied by SEM and AFM to
observe the morphology of the cavities. Unlike in the cases of polymerized NAIMs, the
presence of well-defined cavities was detected. Figures 55a and 55b show the SEM
and AFM images of the sample after the removal of PS NPs. The size of the cavities
was measured to be (49 + 7) nm using ImageJ software, and the corresponding size
distribution studies are shown in Figure 55c. The difference between the size of the
template NPs and the cavities was of concern. A hypothesis was the selective removal
of PS NPs while the sulfate groups remained in the matrix. This was confirmed by
studying the NAIM system before and after the removal of the dissolution of PS NPs.
Figure 56 shows the XPS studies of (PS)PDDA/ITO, 3-AP/(PS)PDDA/ITO, and 3-
AP/( )PDDA/ITO. A doublet around 167 — 169.0 eV confirms the presence of sulfate
groups.['8.1811 Analyzing trace elements are difficult from the background noise and

require multiple scanning of small areas.
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Figure 55. a) SEM image recorded after the dissolution of PS NPs from the 3-AP-based NAIM, b) AFM
image of the cavities recorded in the intermittent mode using an NCHV-A AFM tip (k=42 N m), and c)

size distribution of the cavities measured using ImageJ software.
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Figure 56. S 2p spectra of a) (PS)PDDA/ITO, b) 3-AP/(PS)PDDA/ITO, and c) 3-AP/( )PDDA/ITO.

The occurrence of well-defined cavities under these conditions was remarkable.
Electrografting is an electron-initiated process that involves electron transfer between
the substrate and the reagent. This results in a covalent bond between the substrate
surface and the organic film layer (grafting).['’®l The reactive species produced after
electron transfer remain neutral after grafting, refraining from polymerization and
avoiding interaction with the embedded PS NPs, thereby preventing the formation of a
partial layer over them.*® On analyzing the mechanism of oxidative
electropolymerization, which begins with forming a cationic radical and can react with
either the neighbouring radical cations or neutral monomers to produce the

polymer.l'8 The sulfate modification of PS NPs increases their polarity, thereby
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attracting the monomers or the cationic radicals onto their surface forming core-shell
templates.l'8] This could be the explanation for the formation of a partial layer over the
PS NPs during electropolymerization. Developing a partial polymer layer over the PS
NPs possibly increases the time for PS NP dissolution in toluene. This may be the
reason for the formation of doughnut-shaped cavities. Studies have shown that the
colloidal templated electropolymerization of PANI yielded nanopatterned polymer films.
Similar cavities were observed when the colloidal template (sulfonated PS NPs) was
removed in a suitable solvent.['®! This property of sulfonated PS NPs is exploited in
several studies to form nanopatterned surfaces as well as in the field of

nanolithography.!'8%

6.3 Reuptake Studies

In the previous section, NAIM systems developed from polymerized polydopamine,
polyphenol, p-phenylene diamine, and electrografted 3-aminopyridine were studied for
the size and shape of the cavities formed after the removal of template PS NPs. The
NAIM systems developed were then analyzed for their ability to recognize analyte NPs

based on size and shell.
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Figure 57. TEM images and size distribution of a) 40 nm Au-Cit NPs, b) 40 nm Ag-CT NPs and ¢) 60 nm
Ag-CT NPs.
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The uptake ability of the PDA-based NAIM matrix was studied for the uptake of citrate-
stabilized Au NPs as analyte NPs with 40 nm diameter (Au-Cit NP) and citric acid-
tannic acid complex-stabilized (CT) Ag NPs (Ag-CT NP) diameters of 40 nm and
60 nm. The TEM images of synthesized Au NPs and Ag NPs confirm the formation of
spherical NPs. At least 30 NPs are counted and measured for size using ImageJ
software. The TEM images and corresponding size distributions are given in Figure 57.
The PDA matrix is expected to interact with the acidic groups in the ligand shell of the
NPs to promote the binding to the NAIM. SEM collects information on all NP attached
to the NAIM surface. In contrast, linear sweep voltammetry of the NP dissolution in
halogenide-containing electrolytes informs about those NPs that communicate
electronically with the ITO support electrode. Figure 58a represents the SEM image of
PDA/(Au-Cit)PDDA/ITO after the uptake of 40 nm citrate-stabilized Au NPs from an
aqueous colloidal suspension. The surface of the NAIM film was decorated with NPs,
from which most stick to the surface outside the cavities due to the interaction between
the functional groups on the PDA matrix and the carboxylate groups from the citrate
functionalization on Au NPs.['81 We call the NPs outside the cavities “non-specifically
adsorbed.” Those NPs cannot communicate with the electrode because the NAIM
matrix has a thickness of 20 nm which is larger than the tunnelling distance. Some NPs
are located right in the center of the cavities of the NAIM system, which is especially
evident in the enlarged reproduction of an image section in Figure 58a. Those patrticles
are expected to contribute to the electrochemical signal in Figure 58c because their
distance to the support electrode is smaller than for the non-specifically adsorbed NPs.
It should be noted that not all the cavities have taken up an NP. Not all cavities may be

widely open or in an upright position to allow the uptake of a 40 nm Au NP.
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Figure 58. a) SEM image of the NAIM system after immersion in 40 nm Au-Cit NP for 15 h, b) a region
is enlarged to show the uptakes c) LSV curve obtained with PDA/(Au-Cit)PDDA/ITO during the
eelctrodissolution of Au-Cit NPs in 3 M KCI at a scan rate of 0.05 V s

Size-selective recognition is demonstrated with Ag NPs of 40 nm and 60 nm
with citric acid-tannic acid complex-stabilized Ag NPs. The PDA/( )PDDA/ITO sample
was immersed in a suspension of 40 and 60 nm Ag-CT NP for 15 h and afterward
analyzed by SEM. Figure 59a and 59b shows the NAIM matrix after exposure to 40 nm
and 60 nm Ag-CT NPs, respectively. Notably, there are barely any non-specifically
adsorbed NPs on examining various regions of the NAIM by SEM, which points to a
lack of significant non-specific electrostatic interactions between the Ag-CT NP and the
PDA matrix. A few NPs of 40 nm diameter are located inside the cavities (marked by
arrows), as seen in Figure 59a. On immersing a PDA/( )PDDA/ITO NAIM system in a
suspension of Ag-CT NPs with 60 nm diameter, neither an uptake of the NPs into the
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cavities nor any considerable signs of non-specific adsorption were observed (Figure
59b). The empty voids can be seen in this image frame. The fact that the cavities
remain vacant is probably caused by the larger size of NPs that prevent their uptake

into the cavities. This finding substantiates the size-selective recognition ability of the

PDA-based matrix, which prefers 40 nm over 60 nm Ag-CT NPs.
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Figure 59. SEM images of the NAIM system after immersion in a) 40 nm Ag-CT NP for 15 h and b)
60 nm Ag-CT NP for 15 h. LSV curves obtained with PDA/(Ag-CT)/PDDA/ITO exposed to c) 40 nm Ag-
CT NP solutions and d) 60 nm Ag-CT NP solutions for 15 hin 0.1 M NaNOs3 at a scan rate of 0.05 V s™.

In contrast to Au NPs, the used Ag NPs do not show considerable non-specific
adsorption to the outer surface of the PDA NAIM layer. Au NPs and Ag NPs were
synthesized according to Bastus et al.l6°7] but using different reducing agents, i.e.,
sodium citrate for Au NPs and a mixture of sodium citrate and tannic acid for Ag NPs.
Using tannic acid decreases the size dispersity of the resulting Ag NPs. Ranoszek-
Soliwoda et al.l®”.'8"] proved the formation of the CT complex in the ligand shell of the
Ag NPs when a mixture of reductants and capping agents is used in the NP synthesis.
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Tannic acid acts as a reducing agent and oxidizes to a quinone.l'® In contrast to Au-
Cit NPs, Ag-CT NPs do not establish an electrostatic interaction with the PDA matrix.
This may explain the absence of Ag NP adsorption on the PDA NAIM surface. If the
analyte NPs cannot interact with the matrix, the uptake is solely determined by size.
The comparison of the uptake behavior of Au-Cit NPs and Ag-CT NPs also illustrates
the importance of interaction between the ligand shell and the matrix. A relatively small
change in the chemical structure of the ligand shell can cause a profound effect on the
uptake behavior. We hypothesize that a slight change in the NAIM polymer may cause

a profound change in the uptake behavior for the same analyte NPs.

The NPs inside the cavities can be recognized by electrolytic dissolution in linear
sweep voltammetry (LSV). Figure 58c shows the electrochemical oxidation of Au NPs
in 3 M KCI. The electrooxidation of Au NPs causes a distinct oxidation peak in the first
scan. If the experiment is repeated, this peak does not occur because the Au NPs in
the cavities are dissolved, and the non-specifically adsorbed particles cannot
participate in the electrode reaction. Thus, the detection principle helps distinguish NPs
in cavities and non-specifically adsorbed NPs at the outer surface of the NAIM layer.
After the electrochemical detection, the non-specifically adsorbed Au NPs are still
present on the surface, as shown in the SEM image recorded after electrochemical
detection (Figure 60) The large number of loosely attached NPs does not contribute to
the oxidation signal as the film is insulating in nature and blocks electron transfer. The
NPs that contribute to the electrochemical system must therefore be those that reside

inside the cavities and are, thus, size-selectively enriched.

Electrooxidation of Ag-CT NP with a 40 nm diameter taken up in the NAIM
system causes a shoulder at 0.3 V in the voltammogram recorded in 0.1 M NaNOs3
(Figure 59c). This peak does not appear in an analogous experiment using the larger
Ag-CT NP with a 60 nm diameter, as observed in Figure 59d. This corroborates the
observation in SEM images in Figure 59a vs. Figure 59b that do not show uptake of
the 60 nm Ag NPs in the cavities. The extreme difference in the uptake of Ag-CT NPs
vs. Au-Cit NPs illustrates the potential for improving uptake and selectivity by a
relatively minor modification of the ligand shell and possibly by the chemistry of the
NAIM system.
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Figure 60. SEM image of a selected area of PDA/(Au-Cit )/PDDA/ITO with the non-specifically adsorbed
Au-Cit NPs after the electrochemical dissolution in 3M KCI.

The p-pd modified NAIM system was studied briefly for its uptake ability with 40
+ 3 nm Au-Cit analyte NPs. The dissolution of Au-Cit NPs in 3 M KCl at 0.05 V s was
performed to investigate the uptake efficiency of this NAIM system. A distinct peak is
typical for the electrooxidation of Au-Cit NPs around 0.89 V in the first LSV cycle was
observed. The peak current decreased in the subsequent scans and eventually
disappeared, indicating the complete oxidation of Au-Cit NPs (Figure 61). This verifies
the specific uptake of Au-Cit analyte NPs by a p-pd-based NAIM system. The non-
specifically adsorbed NPs were visible in the SEM images even after the Au dissolution
studies, substantiating the selective dissolution of Au-Cit NPs only present inside the

cavities formed.

However, the specific uptake was low in the above-discussed NAIM systems.
This could be due to the partially open cavities. Moreover, the size of the cavities was
different throughout the NAIM system. It is evident from the size distribution studies of
the cavities shown in Figure 55c. Size selectivity of the NAIM systems was studied in
the plumbagin-based NAIM system, and it has been proven that the cavities selectively
recognize NPs similar to the size and shape of the template NPs. In this case, the
formation of concave-shaped doughnut cavities with upper rim diameter smaller than
the size of the template PS NPs poses a challenge in selecting the correct size of
analyte NPs. This is also why smaller analyte NPs were chosen for the uptake study.
This limits the flexibility and uptake ability of the NAIM system.
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Figure 61. LSV curve in 3 M KCI at a scan rate of 0.05 V s obtained with p-pd/( )JPDDA/ITO after

exposing to 40 nm AuNP-Cit solution.

To study the aminopyridine-based NAIM system, different analyte NPs were
used. Despite the presence of well-defined cavities, the broad size distribution of the
cavities was of concern when selecting the size of analyte NPs. Initially, (55 + 3) nm
Au-Cit analyte NPs were chosen as the analyte NPs. The studies by SEM after the
exposure to Au-Cit analyte NPs revealed the presence of a high density of non-
specifically adsorbed NPs as observed in the PDA and p-pd-based NAIM systems.
Figure 62a shows the SEM image of 3-AP/( )PDDA/ITO after the exposure to (55 *
3) nm Au-Cit NPs. The citrate-modified Au-Cit NPs were replaced by (35 £ 3) nm
amine-modified Au NPs (Au-NHz), to study the aminopyridine-based NAIM system.
This alteration was made to avoid the excessive non-specific adsorption of analyte
NPs due to the interaction between the positive charge on the pyridine ring and the
negative citrate groups on the surface Au. The studies by SEM after exposure to Au-
NH2 NPs revealed a surface with a considerably low density of non-specific adsorbed
NPs, as expected. Few Au-NH2 analyte NPs were found in the center of the cauvities,
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as shown in Figures 62b and c. An attempt to electrochemically address the NPs inside

the cavities was unsuccessful due to the oxidation of the film in the given potential

window. This makes it difficult to derive conclusions on the uptake ability of the 3-AP-
based NAIM system.

Figure 62. SEM images of 3-AP/( )PDDA ITO after the exposure to a) 55 + 3 nm Au-Cit NPs, b) and c)
35 + 3 nm Au-NH2z NPs.
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7  Aryldiazonium-Based NAIM Systems

The requirement of a rigid and homogeneous matrix is crucial for the development of
NAIM. The stability of matrices from heating, etchants, and different post-treatments is
essential for the proper functioning of such a system.[3841.48] Diazonium salts, a group
of organic compounds with the structure RN2*X", where R can be any alkyl or aryl
group, and X is an inorganic or organic anion.['®] Aromatic diazonium salts, the
compound of interest, are more stable than aliphatic diazonium salts due to the
dispersion of their charge over the benzene ring.['8818 Diazonium group (N2*), owing
to its electron-withdrawing nature, readily undergoes dediazonation reactions to give

an aryl cation (Ar*) or aryl radical (Ar-).[1%0]

Electrografting aryl radicals can be achieved by its electrochemical reduction of
aryl diazonium slats in an aprotic medium with supporting electrolyte (acetonitrile
(ACN) + 0.1 M TBABF4) or acidic aqueous medium (0.1 M H2SOa4), where the cathode
is set to the reduction potential or more negative potential of the diazonium salt using
a potentiostat.['76.1°1] On reaction with the surface, diazonium compounds undergo
homolytic dediazonation generating aryl radicals that react with the surface. Diazonium
salts with different functional groups can be synthesized due to the versatility of
aromatic rings, leading to modified surfaces with diverse functional groups like
cyanides, halides, nitro, alcohols, alkyl, thiols, carboxylic, ester, and various bulky

groups.['75]

Delamar et al.,l'%) the pioneers in the study of surface modification by reduction
of diazonium salts found that electroreduction of diazonium salts leads to a stable, non-
corrosive covalent attachment of aryl groups onto the carbon surface. Electroreduction
of 4-nitrobenzene diazonium salt in ACN resulted in a broad irreversible reduction peak
at -0.04V (SCE) by a one-electron reduction yielding an anion radical. The
nitrobenzene layer formed was stable for several months, substantiated by the single
broad symmetrical signal as that of nitrobenzene observed after electrolysis of the

modified GC electrode in a pure supporting electrolyte.[]

The versatility of electrografting through the reduction of diazonium salts was
investigated by Allongue et al.l'?, who observed the attachment of solid films from

various aryl radicals. Studies revealed that surface coverage depends on diazonium
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salt concentration and electrolysis duration. Besides GC, highly ordered pyrolytic
graphite (HOPG) was also modified by the electroreduction of diazonium salt, whose
Raman spectra are similar to modified GC, except for the absence of the D band

common in disordered carbon.[93

The stability of the covalently attached layers has been studied and
corroborated through various methods. The aryl layer-modified substrate remained
stable even after six months of exposure to the atmosphere. Sonication in different
solvents left the layer on the substrate, verified from the unchanged cyclic voltammetric
signal.['®?l Carbon nanotubes and mesoporous carbon modified with aryl layers

showed thermal stability, where bond cleavage occurred at 300-500 °C.[194.195]

The electroreduction mechanism of diazonium salts is concerted, where
cleavage of N2 and radical formation co-occur, as in the case of aryl halides. The
mechanism is detailed in Chapter 7.1. Unlike aryl halides, phenyl radicals formed by
the reduction of diazonium cations spontaneously react with the surface, forming a
layer. The reaction is self-limiting, and a multilayer of thickness ranging from a few
nanometres to micrometres will be formed. Once a monolayer of the aryl group is
formed, generated radicals will react with the aryl group of the first layer and grow to a
multilayer. Electron transfer becomes difficult through thick layers and finally stops.['7°]
The thickness of the layer varies with the substrate,['®6] potentiall’®’], and techniques

used for electrografting.['°8]

7.1 Controlled Formation of Matrices by Reduction of ADS

The development of the NAIM systems requires a stable film with suitable thickness
compatible with the size of the template and analyte NPs. Initially, nitrobenzene
diazonium salts (NBD) were chosen as the precursor for advancing a new NAIM

system based on electrografting from ADS.

) F—El::;-—F NEN*@-NOz b) }E%@*N*EN F—%‘—F

F
NBD TIPS

Figure 63. Diazonium salts used for the construction of the NAIM-System a) NBD (4-nitrobenzene
diazonium [BF4]") and b) TIPS (4-((triisopropylsilyl)ethynyl) benzene diazonium [BF4]).
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Electrografting of nitrobenzene diazonium salt is a process used to modify the
surface of an electrode or substrate by covalently attaching nitrobenzene groups onto
it. The electrografting of nitrobenzene diazonium salt allows for the creation of
functionalized electrode surfaces with various applications, such as
electrocatalysis,!'® corrosion resistance,l?0020  sensors?02203  and electronic
devices.l?%4 Nitrobenzene groups on the electrode surface can introduce specific
chemical properties that can be exploited for targeted chemical reactions or surface
interactions. Additionally, electrografting provides a stable and robust attachment of the

nitrobenzene groups, allowing the modified electrode to be used in various

electrochemical experiments.
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Figure 64. a) Cyclic voltammogram during grafting of NB onto ITO in 1 mM NBD + 0.1 M TBABF4 in
ACN at v = 0.05 V stand b) AFM topography image of NB/ITO recorded in intermittent contact mode
using an NCHV-A AFM tip (k =42 N'm -1).

The ITO substrate to be electrografted was cleaned and dried in the Argon
stream, as explained in Chapter 4. The substrate was later subjected to modification
via the electroreduction of 4-NBD. Figure 64a shows the 1st, 2nd, and 10th CV scans
recorded during the electrografting of a 4-nitrobenzene layer. A broad peak around
—0.25 V corresponds to the formation of the aryl radical. A decrease in the cathodic
current in the successive scans following the first scan confirms the formation of an
insulating nitrobenzene (NB) layer. When the topography of the electrografted NB film
over ITO (NB/ITO) was studied by AFM, a non-homogeneous film was observed.
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Figure 64b shows the topography image of NB/ITO, which reveals cauliflower-like
features. The cauliflower-like growth of the NB film was witnessed in different areas of
the ITO. The topography studies corroborate that the growth of NB film is irregular and

unstable, forming a heterogeneous film unsuitable for the NAIM system.

Kariuki et al.l?952%8] have studied the electrochemical modification of carbon
electrodes with aryl film and confirmed the multilayer growth of film with a thickness of
approximately 20 nm with the aid of AFM. The layer growth leading to the heterogeneity
of the NB films might be due to a) the electrophilic attack of dediazonated aryl
carbocations or b) the attack of an aryl radical onto the grafted aryl moieties,'77:205.206]
as shown in the mechanism in Figure 65. The latter mechanism was confirmed by FT-
IR studies by Kariuki et al.[?%] Without precautions, these mechanisms lead to films

that are too rough to adjust the thickness of the NAIM system.
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Figure 65. Proposed mechanisms for the multilayer formation during the electrografting of NBD.

Although electrografting of diazonium salts is a versatile method allowing to
graft different functional groups on the substrate surface, the resulting disordered film
is a significant drawback. However, on carefully controlling the charge during the
electrochemical reduction of the ion, an organized monolayer on atomically flat H-
terminated Si(111) substrate was obtained.[?%’] Likewise, AFM studies substantiated
the formation of a dense, homogeneous, and thin film of 4-nitrophenyl groups on the
surface of pyrolized photoresist films (PPFs) on controlling the electrografting
conditions.[?%8.20% Combellas et al.[?'%2""] have used sterically hindered diazonium salts
for controlled electrografting. Sterically hindered diazonium salts refer to diazonium
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salts with bulky substituents, which are typically large and hinder access to the different
sites of the diazonium ion. A thin layer close to a monolayer was formed when 3,5-bis-
tert-butyl benzene diazonium salts were used for electrografting.?''l This is due to the
presence of bulky substituents on the initially grafted layer, which hinders the access
of other radicals to attack the grafted layer and either prevents or slows down the

formation of the multilayer.[211]

Considering that sterically hindered diazonium salts can promote dense,
uniform, and thin film formation on various substrates, Leroux et al.l'%2 exploited
triisopropylsilyl (TIPS)-protected ethynyl aryldiazonium salt for forming a stable,
controlled organic layer on the carbon substrate. The TIPS group provides steric
hindrance and protects the aryl groups from further attack by the aryl radicals in the
solution. The resulting covalently modified carbon surface contains the desired TIPS-
protected ethynyl aryl functionality, which can be further functionalized through click
chemistry or can be utilized for binary layer formation. This process enables controlled
and efficient modification of carbon or metal surfaces with tailored organic layers, which

find applications in sensors, catalysis, and biomedical devices.!'0%:212]

Building upon the previous studies, we used the electroreduction of 4-
((triisopropylsilyl)ethynyl) benzene diazonium salt (TIPS, Figure 63b) for the formation
of a controlled matrix, a requisite for the NAIM system. The compound TIPS was
synthesized according to Leroux et. al.l'% | which was detailed in section 4.6.3. An
organic layer was electrografted on a cleaned ITO by the electroreduction of TIPS.
Figure 66a shows the corresponding cyclic voltammogram for the electrografting of
TIPS on ITO (TIPS/ITO). A peak at -0.38V is related to the formation of the TIPS aryl
radical. A decrease in the cathodic current in the successive scans following the first
scan signifies an insulating TIPS layer formation. The topography and the thickness of
the deposited layer were studied using AFM in intermittent contact and contact modes,
respectively. Figure 66b shows the AFM image of the TIPS layer grafted on the ITO.
The roughness of the TIPS film on ITO was measured to be 2.5 nm from an area of
1 um x 1 ym, where the roughness of bare ITO from an area of 1 ym x 1 ym was
measured to be 2.45 nm. The TIPS film grafted on ITO from 5 potential cycles revealed

a 2 to 3 nm film thickness.

Leroux et al.['% explored the prospect of binary film design by a subsequent
electrografting of NBD on TIPS-modified GC. The presence of pinholes in the initial
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grafted film allows the grafting of a second layer forming a structured surface. This
preserved the homogeneous film morphology. In our work, we explored the binary film
design by electrografting a second layer of NB by the electroreduction of NBD over
TIPS/ITO. The sample can be abbreviated as NB/TIPS/ITO. The corresponding CV for

the electrografting of NB is given in Figure 66c.

AFM studies of NB/TIPS/ITO revealed the presence of a homogeneous and
smooth film of roughness 3.1 nm measured from an area of 1 ymx1 ym. The thickness
studies on the sample confirmed an increase in the thickness of the film ranging
between 9-10 nm. This also ensures a slow growth of the NB layer over TIPS/ITO.
Figures 66d and 66e show the topography and thickness studies of NB/TIPS film on
ITO.

The response of electrodes at different stages towards ferrocene methanol
(FcMeOH) as a redox probe was studied to analyze the modifications. The well-
developed quasi-reversible redox peaks corresponding to Fc/Fc* were obtained on the
bare ITO (peak 1, Figure 67). Cyclic voltammograms obtained after modifying the ITO
surface with the primary layer of TIPS reveal a decrease in the anodic and cathodic
peak currents (peak 2, Figure 67). This exhibits a partial blockage of the ITO electrode.
In similar studies, when conducted on the NB/TIPS/ITO (peak 3, Figure 67), a complete
inhibition of the redox peak currents confirmed the formation of a defect-free

homogeneous film.
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Figure 66. a) Cyclic voltammogram during grafting of TIPS onto ITO in 1 mM TIPS + 0.1 M TBABF4 in
ACN at v = 0.05 V s; b) AFM topography image of TIPS/ITO recorded in intermittent contact mode
using an NCHV-A AFM tip (k =42 N m -Y); c) cyclic voltammogram during grafting of NB onto TIPS/ITO
in 1 mM NBD + 0.1 M TBABF4 in ACN at v = 0.05V s; d) AFM topography image of NB/TIPS/ITO
recorded in intermittent mode using an NCHV-A AFM tip (k = 42N m?), and e) AFM thickness
determination of electrografted NB/TIPS layer on ITO in contact mode using an MSCT AFM tip (k =
0.6 N m?1).
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Figure 67. Redox probe studies at 1) bare ITO, 2) TIPS/ITO, and 3) NB/TIPS/ITO in 1 mM FcMeOH +
0.1 M TBAPF6s/ACN at 0.1 Vs,

The substrates were examined using XPS after the electrografting of TIPS and
NB layers. The Si 2p and N 1s XP spectra of ITO modified with TIPS/NB are shown in
Figure 68a and 68b, respectively. The Si 2p signal at 100.5 eV can be assigned to Si
within the the TIPS protection group.?' The Si 2p signal at 101.8 eV might be due to
the formation of oxidized species.?’? The N 1s spectra recorded after the
electrografting of the NB layer over TIPS/ITO displays three peaks. The nitro (NOz2)
groups exhibit a peak around 405.7 eV, confirming the electrografting of the binary NB
layer.[192:213-215] The peaks around 399.8 eV and 402 eV could be due to the partial
reduction of nitro groups of NB.[2'3-2"5] The investigation of the NB/TIPS film on ITO
using CV, AFM, and XPS confirmed the presence of a homogeneous, defect-free, and
smooth film, as required for the NAIM system.
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Figure 68. a) Si 2p and b) N 1s spectra after electrografting NB/TIPS layer over ITO.

For the development of the NAIM system, the initial step involves the adsorption
of a positively charged primer layer, PDDA, chemisorbed on the surface of cleaned
ITO substrate (PDDA/ITO). The presence of a PDDA layer on ITO attracts negatively
charged carboxyl functionalized SiO2 NPs (SiO2-COOH) of size 20 nm diameter.
Figure 69a shows the SEM images of PDDA/ITO after exposure to SiO2-COOH NPs
for 2 h. Followed by the modification with template SiO2-COOH NPs, the surface was
subjected to electrografting of the NB/TIPS binary layer. SEM images after the
electrografting process confirm the presence of SiO2-COOH NPs, unaffected during
the electrografting process (Figure 69b). Following the concept of orthogonal removal
techniques for template and analyte NPs, the SiO2-COOH template NPs were etched
by exposure to an aqueous 5 % HF solution for 3 min, which removed the NPs. The
removal of template NPs was confirmed by SEM imaging.
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Figure 69. SEM images after a) the attachment of SiO2-COOH NPs on PDDA-modified ITO and b) the
electrografting of NB/TIPS layer over (SiO2-COOH)PDDA/ITO.

Cavities complimentary to the used template NPs were visible in the SEM
images, after the removal of SiO2-COOH NPs (Figures 70a and 70b). The size of the
cavities was measured to be (21 = 3)nm using ImagedJ software, and the
corresponding size distribution studies are given in Appendix B1. The sample at this
stage can be abbreviated as NB/TIPS/( )PDDA/ITO. The brackets indicate the cavities
formed after the removal of template NPs. The cavities could take up citrate-protected
Ag NPs (Ag-Cit) when exposed to 20 nm citrate-protected Ag NPs (Ag-Cit). The film is
abbreviated as (NB/TIPS/(Ag-Cit)PDDA/ITO). The analyte NPs could be detected by
LSV in 0.1 M NaNOs solution by an oxidation peak at 0.23 V (Figure 70c). The uptake

was relatively low.

Nevertheless, the studies on the system were unsatisfactory due to the lack of
stability of ITO and the NB/TIPS matrix during the short exposure to HF. The damage
of the matrix film during the brief exposure to HF causes the film to be removed from
irregular parts of the sample, as detected by visual appearance and by XPS. The XPS
studies of NB/TIPS/(SiO2-COOH)PDDA/ITO before and after exposure to HF are given
in Figure 71. The C 1s and N 1s signals in Figure 71a originate from the electrografted
film, while Si 2p and O 1s peaks are possibly from the electrografted film, SiO2-COOH
NPs, and the underlying ITO substrate. Figure 71b shows the survey scan of the same
sample after exposure to HF. The appearance of In 3d and Sn 3d peaks corresponding
to the ITO substrate and the decrease in the intensity of N 1s and C 1s peaks from the

NB/TIPS film confirmed the partial removal of the film after exposure to HF.
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Figure 70. SEM image of NB/TIPS/( )PDDA/ITO after the removal of template SiO2-COOH NPs, b)
enlarged area of the selected region, and c) LSV curve in 3M KCI at v = 0.05V s for Ag-Cit NP
dissolution from NB/TIPS/(Ag-Cit)PDDA/ITO.
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Figure 71. XPS survey scan of NB/TIPS/(SiO2-COOH)PDDA/ITO a) before and b) after exposure to 5 %
HF for removing SiO2-COOH NPs.

The exposure of modified ITO to remove the template NPs introduce cavities in
the NAIM system, thereby exposing the ITO surface. Aqueous HF can reach the ITO
through the cavities and probably cause the under-etching of ITO, as shown in the
schematics in Figure 72a. This can affect the electrografted NB/TIPS layers on the ITO
surface and probably remove the layers on the top of the affected region of ITO. When
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bare ITO was exposed to HF briefly, the difference in the surface morphology can be
observed in Figures 72b and 72c. Another drawback of this system was the need for
an easy opportunity to adjust the chemical functionalities within the film to different
ligand shells of the analyte NPs. Despite the formation of well-controlled film, the NAIM

system was not studied further due to the limitations explained before.
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Figure72. a) Schematics showing under-etching of ITO on exposure of
NB/TIPS/(SiO2-COOH)PDDA/ITO to 5 % HF; SEM images of bare ITO b) before and c) after exposure
to 5 % HF.

7.2 Matrices from Electroreduction of In Situ Generated ADS

New NAIM systems were prepared from aromatic amines with further functional
groups. Figure 73 shows the chemical structures of the aromatic amines used to
synthesize diazonium salts. The diazonium salt is generated in situ by reacting an
aromatic amine with NaNQ2.[101.105.178] The substrate, often a conducting material, is
immersed in the diazonium salt solution, followed by applying a suitable electric
potential between the substrate (working electrode) and a counter electrode in an

electrochemical cell. The diazonium cations are reduced to radicals at the working
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electrode surface, which react with the surface to form covalent bonds, grafting the

organic layer onto the substrate.

7.2.1 Electrografting from In Situ Generated Diazonium Salts

Grafting an organic layer derived from 3-diazo pyridinium cations onto a substrate
through electrografting can introduce specific functional groups to the surface. This
modified surface can exhibit new properties, such as enhanced chemical reactivity,
improved adhesion, altered wettability, or tailored electronic properties. Also, the
aminopyridine-modified surface can act as an anchor for the attachment of different
metallic ions or other functional groups.[?'6-2171 The modification with 3-diazo pyridinium
cations on the substrate material will influence the final characteristics of the modified
surface. The complexation ability of the pyridinium layer on the GC electrode was
studied by Yesildag et al.l?'®l The pyridinium layer offers many ligand sites and was

used for the formation of organometallic films by coordination with different metals.

a) UNHZ b) Q/SH c) /©/NH2

HoN
3-aminopyridine 4-aminothiophenol p-phenylene diamine

Figure 73. Amines for preparation of diazonium salts used to construct the NAIM-System a) 3-

aminopyridine, b) 4-aminothiophenol, and c) p-phenylene diamine.

According to Agullo et al.l'”8 a stable and homogeneous pyridinium layer can
be electrografted on a GC substrate. The grafting time and potential have a direct
impact on the grafting efficiency. With more grafting time, more coverage of the
pyridinium layer on glassy carbon can be obtained. Likewise, an increase in the amine
concentration also improves the coverage of the pyridinium layer, but excess NaNO:
can decrease the grafting efficiency.['”8] The proposed mechanism of electrografting of

in situ generated diazonium salts is given in Figure 74a.
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Figure 74. Proposed mechanism for the a) grafting from the reduction of in-situ formed diazonium salts

and b) overgrowing with another layer of NB to limit the non-specific adsorption of analyte NPs.

Here, a cleaned GC was used as the substrate for the studies. The GC
substrate, after cleaning, was immersed in a solution of in situ-generated 3-
diazopyridinium cations and a potential of 0.8 V vs Ag/AgCl was applied for 10 s and
the GC electrode was once cycled in the same solution. Appendix B3a and Appendix
B3b show the corresponding chronoamperogram and cyclic voltammogram. A
monolayer thick layer of 3-amino pyridinium cation (3-AP*) was formed on the GC
substrate, which was used as the primary layer for the attachment of negatively
charged SiO2-COOH template NPs of 40 nm. The sample at this stage can be
abbreviated as (SiO2-COOH)3-AP*/GC. After this step, the actual matrix of 3-AP* was
built by first performing the in-situ formation of diazonium salts and their grafting once
more with 3-AP*, but this time for more cycles to obtain a thicker layer. The sample will
be referred to 3-AP*/(SiO2-COOH)3-AP*/GC for brevity. This was followed by a similar
step using 4-nitrobenzene diazonium salt. The second layer was intended to overgrow
the first layer to cover the pyridine groups at the film-solution interface to prevent the
non-specific adsorption of the analyte NPs in a later step, as shown in Figure 74b.
Appendix B3c and B3d shows the cyclic voltammogram corresponding to the
electrografting of 3-AP* and NB. SEM image of (SiO2-COOH)3-AP*/GC after forming
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the thicker matrix is given in Figure 75a. After subsequent removal of the template NPs,
only the cavities should expose pyridine rings, with which the citrate—protected Au or
Ag NPs could interact. The thickness of the NB/3-AP~ film was measured to be around
10.0 nm using AFM (Appendix B2).

The exposure of NB/3-AP*/(SiO2-COOH)3-AP*/GC to 5 % HF removed the
template SiO2-COOH NPs. The removal of the template NPs was confirmed by SEM
(Figure 75b). No cavities were observed in the SEM images. Subsequent exposure to
solutions of citrate-protected Au nanoparticles of 25 nm showed a strongly reduced
extent of non-specific adsorption. However, the specific adsorption was also reduced
compared to other NAIM systems. While a few analyte nanoparticles could be detected
in SEM, their density was insufficient to generate an analytical signal in LSV. Figures
75c and d show the SEM images and LSV studies after the uptake of Au-Cit NPs.

The film composition was varied by forming the matrix from 4-amino thiophenol
(ATP) or p-phenylene diamine (p-pd) as a precursor for the in-situ formation of the
diazonium salts.l'%% Grafting an organic layer derived from ATP or p-pd onto a substrate
through electrografting can introduce specific functional groups to the surface, which
was expected to interact with the ligand shell of the analyte NPs, improving the uptake.
After the attachment of SiO2-COOH NPs on a PDDA-modified GC, the films were
electrografted to form an organic layer of either ATP or p-pd. The corresponding
samples are denoted as ATP/(SiO2-COOH)PDDA/GC and p-pd/(SiO2-
COOH)PDDA/GC and had suitable thicknesses of 11-13 nm and 10-12 nm,
respectively (Appendix B2).

After removing template NPs, the samples were exposed to analyte Au-Cit NPs
with a diameter of 25 nm. These films could uptake citrate-protected Au-Cit NPs, as
seen by SEM and by electrooxidation peak (marked in the red box) in the LSV scan at
0.99 V vs Ag/AgCl. (Figure 76). However, a rising background current can be observed
in a similar potential range, where the oxidation of Au-Cit NP is expected. This makes

it difficult to distinguish the oxidation curve from the background current.
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Figure 75. SEM images a) of SiO2-COOH modified PDDA/GC after the electrografting of 3-AP*, b) after
the removal of SiO2-COOH NPs, c) after the exposure of 3-AP*/( )3-AP*/PDDA/GC to Au-Cit analyte
NPs and d) LSV curves in 3M KCI at v = 0.05Vs?! for Au-Cit NP dissolution from
3-AP*/(Au-Cit)3-AP*/PDDA/GC.

Correspondingly, another problem occurred during the electrografting of ATP or
p-pd. During the electrografting process, unexpected additional peaks were observed,
as shown in Appendix B4a-d. Extensive but finally unsuccessful attempts were made
to avoid their appearance by variation of the substrate cleaning procedures, potential
scan ranges, scan rates, and solution concentrations. This made it challenging to

reproduce similar electrografted films for further studies.
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Figure 76. SEM images of a) ATP-modified GC b) PDD-modified NAIM system after the uptake of Au-
Cit analyte NP; LSV curves in 3 M KCl at v = 0.05 Vs for Au-Cit NP dissolution from ¢) ATP-modified
NAIM system and d) p-pd modified NAIM system.
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8 SUMMARY AND OUTLOOK

The thesis aimed to develop NAIM systems with flexible tuning of functional groups,
overcoming challenges in maintaining cavity shape, and able to selectively recognize different
NPs. NAIM systems have selective binding sites within the matrix, facilitating the recognition
of specific NPs, and contributing to advancements in targeted recognition and separation
technologies. This chapter provides a summary of the developed NAIM systems, highlights the

findings, and presents an outlook for future studies.

The first NAIM system presented in this thesis is the plumbagin-based NAIM system,
detailed in Chapter 5. Here, three distinct NAIM systems were designed to investigate the
influence of matrix modifications on NAIM selectivity. The ability for post-modification of the
plumbagin-based matrix deposited on an activated GC substrate allows for the inclusion of
various functional groups into the NAIM system. These groups can aid in the recognition
process between the NAIM system and the analyte NPs. Covalent modification of
polyplumbagin matrix with cysteamine or 1,2-ethanedithiol demonstrated the advantage of this
approach. The matrix modified by cysteamine exhibited the highest uptake at pH 5, attributed
to interactions between protonated amino groups of cysteamine and citrate groups on Au-Cit

NPs, while the dithiol-modified matrix showed the highest uptake at pH 10.

The pH level significantly impacted the recognition ability, with the dithiol-modified
matrix showing five times higher uptake efficiency at pH 10 compared to pH 5. This difference
is attributed to the formation of more thiolate anions in an alkaline solution, enhancing
interaction with Au-Cit NPs. Covalent matrix modifications had a notable effect on the
recognition ability of the NAIM systems, as the introduced functional groups allowed for diverse

interactions like electrostatic, hydrogen bonding, or covalent bonding with the matrix.

Furthermore, the size matching of analyte and template NPs played a crucial role in
NAIM selectivity, with high uptake efficiency observed when analyte NPs and template NPs
were within the same size range. This investigation highlights that by employing an insulating
template NP with a core material such as SiOy, it is possible to prevent the overgrowth of the
matrix, leading to the formation of a well-defined cavity. The findings propose a method for the
post-modification of the matrix, improving the uptake process and providing flexibility in the

development of the NAIM system.

Chapter 6 provides an account of the development of other NAIM systems, employing
PS NPs as the template NPs. The process involves coating the ITO substrate with a positively
charged PDDA layer, which then attracts negatively charged template sulfate-modified PS

NPs. Subsequently, a polymer matrix of polydopamine is electrodeposited from dopamine, and
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it contains functional groups like amine, imine, and catechol beneficial for selective recognition

process.

However, the overgrowth of the polydopamine film over PS NPs leads to the formation
of doughnut-shaped cavities in the NAIM system. This overgrowth complicates the removal of
PS NPs, requiring prolonged exposure to toluene and affecting the reproducibility of the
system. The study explores other polymer films like p-phenylenediamine and polyphenol to
address the overgrowth issue. Doughnut-shaped cavities persist in these cases as well, and
the formation of irregularly shaped cavities is observed by SEM and AFM. The matrix, created
through electrografting 3-aminopyridine exhibited well-defined cavities, as evidenced by SEM
and AFM. Upon investigating the recognition capabilities of the NAIM systems, both the
polydopamine-based NAIM system and the p-phenylene diamine-based NAIM system
demonstrated size-selective uptake, as confirmed by LSV studies. The demonstrated uptake
ability was relatively low due to the non-uniform cavities. Despite the presence of well-defined
cavities in the 3-aminopyridine-based NAIM system, the LSV study resulted in the oxidation of
the film in the given potential window. Drawing accurate conclusions about the uptake ability

of these NAIM systems is challenging due to these limitations.

In Chapter 7, an alternative method for constructing NAIM systems, focusing on the
electrografting of aryl diazonium salts is discussed. The NAIM system discussed here involves
initially forming a positively charged PDDA primer layer on ITO, followed by attaching 20 nm
SiO,-COOH NPs. Subsequently, a matrix is electrografted from
4-((triisopropylsilyl)ethynyl)benzenediazonium tetrafluoroborate (TIPS), and
4-nitrobenzenediazonium tetrafluoroborate (NBD) is electrografted over the initial TIPS film to
produce a 10 nm thick film. Template SiO,-COOH NPs are then removed from the NAIM
system through brief exposure to 5% HF, as confirmed by SEM, which verifies the cavity
formation and complete removal of the template NPs. The system is later exposed to 20 nm
Ag-Cit NPs for uptake studies, revealing relatively low uptake as detected by LSV. An XPS
study before and after template NP removal confirms partial film removal during the short
exposure to HF, possibly due to the penetration of HF through the cavities reaching the ITO

substrate, causing under-etching of the substrate.

In section 7.2, matrices with useful functional groups were deposited through the
electroreduction of aryldiazonium salts generated in situ on a GC substrate. The matrices
subjected to the study are deposited from the diazonium salts of j) 3-aminopyridine and 4-
nitrobenzene ij) p-phenylene diamine and iij) 3-aminothiophenol. After the removal of template
SiO2-COOH NPs, samples were exposed to analyte Au-Cit NPs. These films exhibited the
uptake of Au-Cit NPs, evident through SEM and an electrooxidation peak in the LSV scan.

However, the presence of a rising background current in a similar potential range, where the
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oxidation of Au-Cit NP is expected, posed a challenge in distinguishing the oxidation curve
from the background current. Additionally, unexpected peaks were observed during the
electrografting of 3-aminothiophenol or p-phenylene diamine, creating difficulties in
reproducing similar electrografted films for further studies despite various attempts to mitigate

their appearance through procedural variations.

The efficiency of the NAIM system studied in this thesis relies significantly on the careful
selection of template NPs, matrix material, and analyte NPs. The advantageous aspect of
introducing functional groups into the matrix that are complementary to the analyte NPs
effectively contributes to selective recognition, especially when the size of the template and
analyte NPs are in the same range. Through careful matrix selection, an opportunity arises to
adjust the matrix properties, leading to significantly improved recognition capabilities. However,
additional flexibility is necessary to expand the system to accommodate analyte NPs that lack
electrochemical activity. This might be feasible through the incorporation of responsive
materials within the imprinted matrix. These materials are triggered by changes in their
environment, such as changes in conductivity or colour in response to interactions with
insulating analyte NPs. The monitoring of these alterations can then function as an indirect yet

effective method for the detection of such NPs.

Selective functionalization of the cavities can be possibly achieved through the careful
selection of template NPs, where NPs with a shell enriched with complementary functional
groups serve as ideal templates. The idea revolves around the selective removal of these
template NPs, leaving the remaining shell with tailored functionality for precise capture of
analyte NPs. This system may enhance selectivity by eliminating non-specific adsorption by

carefully choosing the matrix, paving the way for various applications in the field of NAIM.
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9 Appendix

A. Thickness Determination by AFM (Chapter 5)

Table A. AFM thickness determination of a) pph/cysteamine/polyplg/plg/GC b) pph/dithiol/polyplg/plg/GC
and c) pph/polyplg/plg/GC.

AFM thickness study Thickness (nm)
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B1. Size Determination of the Cavities of NB/TIPS/ ( )/ITO (Chapter 7)

w Ee

No. of cavities
r

—_

0_
14 16 18 20 22 24 26 28 30
Diameter of the cavities / nm

Figure B1. Size determination of the cavities of NB/TIPS/( )/ITO.

B2. Thickness Determination by AFM

15 :: 12.8 nm:

-21.5nm

16.8 nm

-18.2 nm

Figure B2. AFM thickness determination of a) ATP/(SiO2-COOH)PDDA/GC b) p-pd/(SiO2-
COOH)PDDA/GC and c) NB/TIPS/ITO.
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B3. Electrodeposition of NB/TIPS Film

a) 400 b)
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Figure B3. a) Chronoamperrogram recorded at 0.8 V applied for 10 s in 5 mM of 3-AP* + 10 mM
NaNOzin 0.1 M HCI, b) cyclic voltammogram for the electrografting of 5 mM of 3-AP* + 10 mM NaNO:
in 0.1 M HCI for the attachment of negatively charged SiO>-COOH template NPs, c) cyclic
voltammogram for the electrografting of 5 mM of 3-AP* + 10 mM NaNOz in 0.1 M HCI for the formation
of initial 3-AP* based film and d) cyclic voltammogram for the electrografting of 0.01 Mof NBD + 0.1 M
TBAPFs in ACN for the formation of the binary layer.
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B4. Electrodeposition of ATP and p-pd Film
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Figure B4. Successful cyclic voltammograms recorded during the electrodeposition of a) p-pd film on
(SiO2-COOH)PDDA/GC and b) ATP film on (SiO2-COOH)PDDA/GC from 1 mM p-pd or ATP in 1 mM
NaNO: + 0.5 M HCI. The appearance of unexpected additional peaks during the electrodeposition of

p-pd or ATP can be observed in ¢) and d).
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9.1 Abbreviation

AFM
Ag-CT
AgNOs
ATP
Au-Cit
Au-NH2
CA

CVv

cysteamine/polyplg/plg( )/GC

cysteamine/polyplg/plg(SiO2-NH.)/GC

dithiol/polyplg/plg( )/GC

dithiol/polyplg/plg(SiO2-NH2)/GC

EDX
FE-SEM
GC

ITO

LSV

atomic force microscopy

citric acid-tannic acid stabilized silver

silver nitrate

aminothiophenol

citrate stabilized gold

amine modified gold

chronoamperometry

cyclic voltammetry

NAIM after the removal of SiO2-NH2 NPs from

a cysteamine modified plumbagin based matrix on
GC

NAIM formed from a cysteamine modified
plumbagin-based matrix on SiO2-NH2 NPs
attached GC

NAIM after the removal of SiO2-NH2 NPs from
a dithiol modified plumbagin-based matrix on GC

NAIM formed from a dithiol modified
plumbagin-based matrix on SiO2-NH2 NPs
attached GC

energy dispersive X-ray spectroscopy

field emission scanning electron microscopy
glassy carbon

indium tin oxide

linear sweep voltammetry
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MIP

NAIM

NB/TIPS/(SiO2-COOH)PDDA/ITO

NB/TIPS/ITO

NBD
NPs
PDA
PDDA

PDA/(PS)PDDA/ITO

plg

polyplg/plg( )/GC

polyplg/plg(SiO2-NH2)/GC

p-pd

p-pd/(SiO2-COOH)PDDA/ITO

p-pd/ITO

p-pd/PS(PDDA)/ITO

molecularly imprinted polymer
nanoparticle-imprinted matrix

NAIM formed from a binary layer of 4-
(triisopropylsilyl)  ethynyl)benzene  diazonium
[BF4]" and nitrobenzene diazonium [BF4]" on
SiO2-NH2 NPs attached GC

NAIM formed from a binary layer of 4-
(triisopropylsilyl)  ethynyl)benzene  diazonium
[BF4] and nitrobenzene diazonium [BF4] on GC

nitrobenzene diazonium [BF4]
nanoparticles

polydopamine
poly(diallyldimethylammonium chloride)

NAIM formed from a polydopamine-based matrix
on PS NP attached on PDDA modified ITO

plumbagin
NAIM after the removal of SiO2-NH2 NPs from
a plumbagin-based matrix on GC

NAIM formed from a dithiol
plumbagin-based matrix on SiO2-NH2 NPs
attached GC

modified

para phenylene diamine

NAIM formed para phenylene diamine-based
matrix on SiO2-NH2 NPs attached PDDA modified
GC

para phenylene diamine electrodeposited on ITO

NAIM formed from para phenylene diamine-based
matrix on PS NP attached PDDA modified GC
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pph

pph/PS(PDDAY/ITO

PS NPs

PS/PDDA/ITO

RAM

SEM
SiO2-COOH
SiO2-NH2
TEM

TIPS
[BF4]

XPS
(SiO2-NH2)/PDDA/ITO
3-AP

3-AP/PS(PDDA)/ITO

4-ATP/(SiO2-COOH)PDDA/ITO

polyphenol

NAIM formed from polyphenol-based matrix on
PS NP attached PDDA modified ITO.

polystyrene nanoparticles

polystyrene attached PDDA

modified ITO

nanoparticles

randomly arranged electrodes
scanning electron microscopy
carboxylate modified silica NPs
amine modified silica NPs
transmission electron microscopy

4-((triisopropylsilyl)ethynyl)  benzenediazonium

x-ray photoelectron spectroscopy
amine modified silica NPs on PDDA modified ITO
3-aminopyridine

3-aminopyridine based matrix formed on PS NP
attached PDDA modified ITO

NAIM formed 4-aminothiophenol-based matrix on
SiO2-COOH NPs attached PDDA modified GC
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9.2 Symbols

Aabbe

Es

Exin
E°’
Epa

Epc

id

IRAM

JrRAM

MAu

mnp

Natom
QNP
QA

Qtotal

abbe criterion

electrode surface area

bulk concentration

bulk concentration of the redox probe
diffusion coefficient of the redox probe
binding energy

kinetic energy

formal potential

anodic potential

cathodic potential

Faraday constant

diffusion-limited current at an inlaid electrode
peak current

diffusion-limited current at a recessed electrode
expected current

thickness of the film

molar mass of gold

mass of one gold NP

no. of electrons involved in the reaction
amount of gold atoms in one gold NP
charge required to remove one gold NP
charge density

integrated charge
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R(i)

Vaunp

I'np

gas constant

residuals

surface coverage of the adsorbed species
scan rate

volume of gold NP

ratio between the diffusion-limited currents at an inlaid

nanodisk electrode and a recessed nanoelectrode
total number of electrochemically dissolved NPs
ratio of the active nanocavities

work function of the spectrometer
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