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ABSTRACT
A growing body of research focuses on developing novel functional materials and their integration in
microelectronic and sensing devices. Modern civilization relies on the use of computers and microelectronics in
every area of life. Most of these devices are built from silicon, thus making silicon one of the most researched
materials in the scope of materials science and technology.
In this thesis, a study on the covalent immobilization of a couple of porphyrin derivatives and a p-maleimidophenyl
species (p-MP) on Si(111) surface is presented to investigate how do reaction parameters influence the deposition
and the quality of organic layers. Porphyrins are optically-active, energy-transferring, catalytic materials.
Maleimide is a thiol-selective molecule typically used as a cross-linker for the immobilization of biomolecules.
As such, they are both essential materials for application in silicon-based sensing and organic electronics. Covalent
bonding of the organic materials with the surface increases the stability of the entire organic/silicon system is,
therefore, necessary for extending the longevity of the material and transferring the innovation from the lab to
widespread commercial use. The thin films are deposited with “wet chemistry” methods, including deposition
from solution and electrografting. The prepared structures are analyzed with a variety of surface sensitive
techniques, namely, IR ellipsometry, XPS, SEIRA, and IR reflection spectroscopy.
All depositions in this work are conducted in situ, in addition to the ex situ reactions, to gain an understanding of
the film growth and deposition rates. The study on porphyrin thin films focused on the conditions of material
deposition leading to an established chemical bond. Solution reactions of porphyrin derivatives with (3aminopropyl)trimethoxysilane indicate that the reaction with the pre-activated porphyrin derivative leads to a
better yield than with the in situ-activated porphyrin. However, when this reaction is transferred to the surface by
using the layer-by-layer deposition approach, the reaction with the surface-bound aminosilanes molecules takes
place at a much slower rate than the same reaction in solution. The key challenge is to identify the amide bond
formed between the porphyrin and the organosilane molecules, due to low layer thickness. The combination of
surface sensitive methods is utilized for the identification of the amide bond. An alternative synthetic approach,
where the product is prepared in solution and then deposited on the oxidized Si substrate, is proposed. The spectral
signature of such films is dominated by amide bands with very little contribution from starting materials. A parallel
in situ study on p-MP electrografting on the H-terminated Si(111) surface provides details on the thin film
formation in a monolayer and a sub-monolayer regime. The spectral features of the maleimide film are observed
already after less than 1 s of deposition. The spontaneous grafting of p-MP is also monitored in situ. It was found
that the formation of a monolayer during the electroless deposition takes longer than an electrochemical
deposition. A cationic mechanism is proposed as an alternative to a radical mechanism, in which the monolayer
formation involves the reaction of an aryl cation with the Si-H instead of an aryl radical.
The synthetic and mechanistic insights from this study contribute to a prosperous research area on surface
modification with organic materials and a broader area of organic electronics and their diverse application.

i

ii

ZUSSAMENFASSUNG
Ein wachsender Forschungsschwerpunkt liegt auf der Entwicklung neuartiger Funktionsmaterialien und deren
Integration in mikroelektronische Geräte und Sensorvorrichtungen. Die moderne Zivilisation ist auf den Einsatz
von Computern und Mikroelektronik in allen Lebensbereichen angewiesen. Die meisten dieser Bauelemente
bestehen aus Silizium, wodurch Silizium einer der am besten erforschten Werkstoffe auf dem Gebiet der
Materialwissenschaften und -technologie ist.
In dieser Arbeit wird eine Studie zur kovalenten Immobilisierung einiger Porphyrinderivate und einer pMaleimidophenyl-Spezies (p-MP) auf der Si (111)-Oberfläche vorgestellt. Hierbei lag der Schwerpunkt auf der
Untersuchung des Einflusses von Reaktionsparametern auf die Abscheidung und die Qualität organischer
Schichten. Porphyrine sind optisch aktive, energieübertragende, katalytische Materialien. Maleimid ist ein Thiolselektives Molekül, das typischerweise als Vernetzer zur Immobilisierung von Biomolekülen verwendet wird. Als
solche gehören Porphyrine und Maleimid zu den wesentlichen Materialien für die Anwendung in der
siliziumbasierten Sensorik und in der organischen Elektronik. Die kovalente Bindung der organischen Materialien
an die Oberfläche erhöht die Stabilität des gesamten Organik-Silizium-Systems. Es ist daher notwendig, die
Lebensdauer des Materials zu verlängern und die Innovation aus dem Labor auf eine weit verbreitete kommerzielle
Nutzung zu übertragen. Die dünnen Schichten werden mittels nasschemischer Methoden abgeschieden. Dies
beinhaltete die Abscheidung aus der Lösung und die Elektroaufpfropfung. Die hergestellten Strukturen werden
mit einer Vielzahl oberflächensensitiver Messtechniken wie der IR-Ellipsometrie, der XPS-, der SEIRA- und der
IR-Reflexionsspektroskopie analysiert.
Alle Abscheidungen in dieser Arbeit werden in situ durchgeführt, zusätzlich zu den ex situ Reaktionen, um das
Verständnis der Filmwachstums- und Depositionsgeschwindigkeiten zu erhalten. Bei der Untersuchung der
Porphyrin-Dünnschichten lag der Fokus auf den Bedingungen der Materialabscheidung, welche zur Ausbildung
einer chemischen Bindung notwendig sind. Die Lösungsreaktionen von Porphyrinderivaten mit APTMS zeigen,
dass die Reaktion mit dem voraktivierten Porphyrinderivat zu einer besseren Ausbeute führt als mit dem in situ
aktivierten Porphyrin. Wenn diese Reaktion jedoch unter Verwendung des Schicht-für-SchichtAbscheidungsprinzips auf die Oberfläche übertragen wird, findet die Reaktion mit den oberflächengebundenen
Aminosilanmolekülen mit einer viel langsameren Geschwindigkeit statt als die gleiche Reaktion in Lösung.
Aufgrund der geringen Schichtdicke besteht die zentrale Herausforderung darin, die Amidbindung zwischen den
Porphyrin- und den Organosilanmolekülen zu identifizieren. Zur Identifikation der Amidbindung wird die
Kombination von oberflächensensitiven Methoden verwendet. Es wird ein alternativer Syntheseansatz
vorgeschlagen, bei dem das Produkt in Lösung hergestellt und dann auf dem oxidierten Si-Substrat abgeschieden
wird. Die spektrale Signatur dieser Schichten wird von Amidbanden dominiert und der Beitrag der
Ausgangsmaterialien ist gering. Eine weitere in situ-Studie zum p-MP-Elektropfropfen auf der H-terminierten Si
(111) -Oberfläche liefert Details zur Dünnschichtbildung im monolagigen und im sub-monolagigen Bereich. Die
spektralen Merkmale der Maleimidschicht werden bereits nach weniger als 1 s Abscheidungsdauer beobachtet.
Die spontane Pfropfung von p-MP wird ebenfalls in situ überwacht. Es wurde festgestellt, dass die Bildung einer
Monoschicht während der stromlosen Abscheidung länger dauert als bei einer elektrochemischen Abscheidung.
Als Alternative zum Radikalmechanismus wird ein kationischer Mechanismus vorgeschlagen, bei dem die
Reaktion mit dem Si-H und dem Aryl-Kation, anstelle eines Aryl-Radikals, zur Bildung der Monoschicht führt.
Die synthetischen und mechanistischen Erkenntnisse aus dieser Studie tragen zu einem vielversprechenden
Forschungsbereich der Oberflächenmodifikation mit organischen Materialien und zu einem breiten Gebiet der
organischen Elektronik und ihrer vielfältigen Anwendung bei.
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LIST OF ABBREVIATIONS
Abbreviation
p-MP

Meaning
Maleimidophenyl

LbL

Layer-by-layer

XR

X-Ray reflectivity

TPP

Tetraphenylporphyrin

TPyP

Tetrapyridylporphyrin

PPIX

Protoporphyrin IX

Pc
SiNWs

Phtalocyanine
Silicon nanowires

SMP

N-Succinimidyl 3-maleimidopropionate

XPS

X-Ray photoelectron spectroscopy

NHS

N-Hydroxysuccinimide

IgG

Immunoglobulin G

APTES

(3-Aminopropyl)triethoxysilane

IRSE

Infrared spectroscopic ellipsometry

BSA

Albumin from bovine serum

Con A
PL

Concanavalin A
Poly-L-lysine

EQCM

Electrochemical quartz crystal microbalance

IMFP

Inelastic mean free path

APTMS

(3-Aminopropyl)trimethoxysilane

CTTPS

5-(4-Carboxyphenyl succinimide ester)-10,15,20-(triphenyl)porphyrin

SEIRA

Surface-enhanced IR absorption

EEDQ

N-Ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline

DMSO

Dimethylsulfoxide

ACN

Acetonitrile

NBA

p-Nitrobenzoic acid

CTPP

5-(4-Carboxyphenyl)-10,15,20-(triphenyl)porphyrin

MBN

Mercaptobenzonitrile

DMF

Dimethylformamide

iPrOH

iso-Propanol

LO

Longitudinal optic

TO

Transverse optic

DFT

Density functional theory
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1 INTRODUCTION
1.1 THESIS STATEMENT AND MOTIVATION
“Deposition conditions influence the quality and the structure of thin organic film on silicon.”
This thesis aims to characterize thin films of organic materials on the silicon(111) surface immobilized
through covalent bonds by employing different deposition techniques and probing them with surfacesensitive spectroscopic techniques. Furthermore, in situ techniques are used to gain information on the
real-time surface attachment and the deposition rates. Deposition parameters like time of deposition, the
use of activated forms of molecules, the reaction environment (solution vs. surface), applied voltage,
and the way of deposition (layer-by-layer vs. direct) are studied to define their influence on the quality
of deposited layers.
Today, nearly all electronics are silicon-based, but they are approaching the limits of miniaturization.
Hybrid materials are suggested as a possible alternative to utilize in modern electronic and sensing
devices. Hybrid materials are a combination of organic and inorganic material, forming a new material
that demonstrates the combined properties of both.1 Thus, the modification of silicon surface with
organic material combines already established properties of bulk silicon with transformed surface
chemistry. Such a surface is called “tuned.” Tuning can change chemical, biochemical, mechanical,
kinetic, optic, or electronic properties of a substrate. 2–4 Molecular bonds, sterics, conjugation, and
electronic properties can be manipulated according to the desired function and should provide:
(i)

a stable surface,

(ii)

modifiable surface properties, and

(iii)

the possibility to interact with other molecules or substrates.

This technology, however, is still a subject of a fundamental research, although there are some examples
of successful commercial application: organic light-emitting diodes (OLED) and quantum dots for displays, OLED lighting, and organic photovoltaics.5 Understanding how to achieve the reproducibility of
the material, and the events taking place during the molecular surface attachment will contribute to the
optimization of material preparation and thus transfer of these materials from the laboratory to industrial-scale production. When hybrid materials are integrated into electronic devices, they are called organic electronics.
At the Chemical Science and Society Summit in 2012, scientists have identified four significant research
challenges to overcome before organic electronics can reach peak commercial consumption.6
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1) Improving control over the self-assembly of organic materials to achieve reproducibility. To
meet this challenge, a deep understanding of the electronic properties of organic materials and
their change when in contact with other (inorganic) materials is required.
2) To understand the events happening during the material deposition at the interface, like
mechanisms of elementary processes and structural and chemical changes, better analytical
tools need to be developed. New tools should be sensitive, non-destructive, non-invasive, and
high-speed.
3) Improving existing 3D processing technologies for industrial upscaling.
4) Developing multifunctional organic electronics since many organic molecules possess two or
more properties.
In this work, two technologically important organic materials, porphyrin and maleimide, are chosen.
Porphyrin is chosen in this study due to its versatile properties with potential applications in electronics,
while maleimide is chosen as an important linker molecule in constructing biosensing systems.
Porphyrins are a class of naturally-occurring molecules with unique structural and chemical properties.
They strongly absorb light in the visible region, have planar, aromatic ring structure with a highly
delocalized π-system, and the center of a porphyrin ring has an affinity for coordinating metal cations.7
As such, they have a potential application in optoelectronic,8–10 photon harvesting,11 photovoltaics,12
molecular information storage,13 sensing,9,10,14,15 and catalytic devices,16,17 as well as medical
applications.18,19
Porphyrins on silicon have been structurally well-characterized with many different surface analysis
techniques.20–31 Furthermore, scientists have established that they retain their interesting properties
when deposited on a silicon surface.8,11,30–41 When it comes to the immobilization of porphyrin through
organosilanes on silicon, halosilanes are mostly used as a linker molecule.8,20,21,42–44 Halide functional
groups (mostly Cl- and I-) are reactive and readily undergo further reactions. However, in many cases,
halides (especially chlorides) are too reactive and not selective at all, possibly leading to side reactions
with other molecules (i.e., solvent) and not just the target molecule. Also, halide chemicals are not
suitable for the environment. It would be synthetically advantageous to have the desired functionality
deposited directly on the surface. Therefore, using organosilanes with other functionalities for porphyrin
immobilization should also be investigated. In this study, (3-aminopropyl)trimethoxysilane is used for
the immobilization of porphyrins on a silicon surface through an amide bond.
Maleimide is an organic compound selective towards thiol functional groups. Maleimide and thiol
undergo thiol-Michael addition forming a stable thioether bond.45 Thiol groups can be found in
biomolecules in cysteine residues. As such, the thiol-maleimide reaction can be used for site-specific
reactions when immobilization of large protein molecules is desired.46
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In earlier studies of surface modification with maleimide, the covalent, robust attachment is achieved
with several different chemistries (silane chemistry, hydrosilylation, phosphonate chemistry, polymers,
electrografting).47–65 The research shows best surface coverage with direct molecular deposition, as well
as a tunability of the layers with capping molecules. 52 Electrografting of maleimidophenyldiazonium
salt (p-MPDS) on the H-terminated Si surface is a quick and reliable way to introduce functionality to
an electrode surface. Zhang et al. described a formation of a first maleimidophenyl (p-MP) monolayer
after 60 s at -2 V and proved the biosensing possibility of a maleimide-modified surface,62 while
Kanyong et al. measured the 50% grafting efficiency after the first potential scan and determined the
monolayer thickness.63 However, a more in-depth look at the events happening at the surface during the
formation of a first monolayer is needed towards achieving the reproducibility of the system.
This work aims to contribute to the research of porphyrin and maleimide thin films by looking into their
structure, deposition pathways, and reaction mechanisms. The key research question this study
addresses is:
•

How do reaction parameters influence the quality of the organic thin films?

In addition to the key research question, the research of this study could be broken down in several subquestions as follows:
•

Can we characterize/assign amide bands in a thin layer of a porphyrin/organosilane system with
available surface sensitive techniques (IR ellipsometry, XPS, SEIRA, IR reflectometry)?

•

Do thin films structurally (and spectroscopically) differ when deposited layer-by-layer (LbL)
vs. direct deposition? How robust are those films?

•

What is the shortest deposition time for electrochemical deposition of a maleimide at which the
ellipsometric signal can be observed?

•

What is the time scale of p-MP deposition when electricity is not applied to the system? What
is the mechanism of such a reaction? Is it feasible to still assume a radical mechanism?

1.2 SILICON SURFACE CHEMISTRY AND MODIFICATION
Silicon is one of the best-researched semiconductor materials, well-integrated into existing technologies
due to its low cost, tunable electronic properties, and ease of manufacturing.66 Thus, silicon is an
excellent choice as a substrate for research on hybrid materials with the aim of integration in electronic
and bioelectronic devices for organic electronics, biosensing, medical diagnostics, organic
photovoltaics, and many other applications.67–72 To construct and utilize novel hybrid materials, it is
crucial to understand the interfacial chemistry of the material and how its properties manifest in contact
with another material. The interfacial changes have an impact on the device performance, as material
properties are intimately related to their surface arrangement. Therefore, a systematic characterization
is required, from the primary attachment event and surface coverage to the dynamics of film growth, to
3

understand the changes in the system. Even though silicon is by no means the only industrial
semiconductor, it provides the best compromise between stability, biocompatibility, and the maturity of
the semiconductor processing technology.
When developing hybrid materials, it is of interest to understand how the molecular attachment will
affect the surface properties and vice versa. A molecule known for particular properties that it exhibits
in solution might have changed properties when interacting with the surface. The surface can either
enhance or diminish the properties of the deposited material. One of the biggest concerns of materials
scientists is how to immobilize the molecule on the surface without diminishing its desired properties.
The silicon surface is reactive towards the oxygen from the air. It is naturally always covered with a
few nanometers of native oxide.73 In existing electronics, the oxide layer is beneficial as it protected
against corrosion of the reactive silicon underneath. The semiconductor properties of bulk silicon are
strong enough to override the insulating nature of the oxide. However, in microelectronics and hybrid
materials, as the silicon substrate gets thinner and smaller, the oxide starts to present a problem, as it
presents an additional insulating barrier between the organic layer and bulk silicon.74
Native oxide is chemically similar to other silicon oxides (e.g., glass), suggesting inhomogeneity and
variability of surface species.73 Prevailing surface species in silicon surface oxide are siloxane (Si-OSi) and silanol (Si-OH) groups.73 Chemical variability of surface species leads to difficulties in the
reproducibility and homogeneity of the subsequent modifications. Additionally, the silicon/silicon oxide
interface has a high density of electronic defects.
Nevertheless, provided that the silicon oxide layer remains thin (and depending on the final use of the
material), the presence of the native oxide affords a convenient route for surface modification. One of
the most popular strategies for surface modification is the immobilization of organosilane molecules or
silanization. During silanization, organosilanes react with surface Si-OH groups, forming a covalent SiO-Si network. They become integrated into an existing Si-O-Si network of the native oxide. The
downside of this modification routes is that Si-O-Si bonds hydrolyze under neutral or basic pH
conditions.75,76 Nevertheless, it is still used routinely in many applications.
Today, it is possible to bypass surface oxides altogether by attaching materials directly to the silicon.
The most promising route of chemical modification is direct Si-C bond formation.77,78 Si-C bond
possesses greater stability than Si-O because of lower bond polarity and high bond strength. 79 Due to
its electronegativity, oxygen enhances the nucleophilicity of silicon in the Si-O bond.80 This is not the
case with less electronegative carbon. Organic films immobilized through a Si-C tether ideally have
long-term stability, unlike alkoxysilane-modified surfaces.81
When the native oxide is removed, a “clean” silicon surface is obtained. The “clean” surface tends to
undergo complex reconstructions associated with the loss of coordination of the surface silicon atoms.73
To preserve the coordination of the silicon surface, it is a common practice to strip away the native
4

oxide chemically with fluoride ion or thermally under ultrahigh vacuum conditions, and cap silicon
atoms with precursors such as hydrides (-H) or halides (-X, X = Cl, I, Br). The chemical replacement
creates well-defined, low-defect metastable surface ready to carry out further modifications. 73
The metastable surface must be stable enough in the atmospheric conditions and the presence of solvent
vapors and other impurities, but still reactive enough to undergo further chemical reactions and form a
Si-C bond. The H-terminated surface is stable in air for tens of minutes and, therefore, preferably used.
The X-terminated surfaces are much more reactive and are handled exclusively under an inert
atmosphere.
The electrical and other properties of a hybrid material and the sensitivity of the underlying silicon
substrate to oxidation depend on the quality of monolayers. Establishing control over the surface density
of the attachment sites leads us one step closer to preparing reproducible, uniform, and well-defined
molecular arrays and structures. The complete surface site saturation is very rare and happens only for
small organic molecules. Other molecules are big enough to hinder surrounding surface sites.
The deposition of organic material may result in the formation of a molecular monolayer, multilayer, or
a polymer.82 When depositing a monolayer, high packing density is required to create a stable surface.
Thus, the goal is to achieve a high uniformity of molecules. Ultimately, the size and the structure of
molecules determine the limits of packing density and, accordingly, surface sensitivity. Chidsey et al.
showed that on the Si(111) surface linear alkyl chains pack in 2x1 substitution (one molecule for every
two Si atoms), which corresponds to about 50% substitution, while the remaining reactive sites are
sterically hindered and unreactive.78,83 The experiments are confirmed with theoretical calculations.84,85
Figure 1.1 shows a model of a substrate surface with a 50% substitution. One can notice that even with
“only” 50% coverage, the surface is densely covered due to molecular tilting and physical interaction
with other surrounding molecules. Meanwhile, unreacted surface sites are entirely protected from the
environment above the organic monolayer.
For non-linear, bulkier organic molecules, the steric hindering is even greater. Physical forces might
also cause the lingering of unreacted material on the surface, either through interaction with surface
groups or between molecules, thus hindering both the available surface sites and the functionalities of
the already deposited molecules.
If so required, the surface coverage may be completed by inserting chelating agents,86 capping
remaining unreacted sites with small molecules or mixed layers. 87 Mixed monolayers can either be
passive or used to introduce new functionalities to the surface. 39
If a deposited molecule has a functional group attached, the formed layer can be further functionalized
in a manner of an LbL deposition. However, due to steric and other factors, not all of the functional
groups will undergo a reaction, leading to more defects and non-uniformity of the layer. That is why it
is advisable to connect the desired molecules directly to the surface whenever possible.
5

Figure 1.1: Example of a structure of an alkyl monolayer with 50% coverage
as obtained with molecular mechanics simulations using the polymer
consistent force field calculations. Reprinted with permission from Sieval et
al.84 © 2001 American Chemical Society.
Although most of the research on covalent attachment of organic material to silicon is done on flat
surfaces, the findings on chemical immobilization may be used as a basis for research on non-planar
silicon structures like nanowires, nanoparticles or porous silicon. The non-planar structures have the
advantage of having the greater surface area available for the reaction. A greater surface area implies a
higher sensitivity of the system, even down to the single-molecule detection.70,88
A more detailed account of silicon surface chemistry can be found in the following cited references.73,89–
91

Organic molecules can attach to the surface covalently or through non-covalent interactions. Noncovalent (physical) interactions happen through directional intermolecular and molecule-surface
interactions. Such physical interactions lead to the stacking of the molecules on the surface known as
self-assembly. Self-assembly is the tendency of the molecules to create well-ordered and densely packed
molecular monolayers on the interface.3
Depending on the ultimate application of the material, both physical and chemical attachment can be a
valid surface modification option. Covalent attachment is desirable, e.g., when the immobilization of
more massive (bio)molecules is needed. Weaker physical bonding is hardly able to keep biomolecules
fixed to the substrate under industrial conditions. Covalent attachment is practical and durable, and as
such, it provides greater stability of the layer. Covalent attachment of organic molecules to silicon is
desirable, especially in the context of large-scale production. Harsh manufacturing conditions require
the stability of both the surface and the organic film. Even the smallest imperfection in a microstructure,
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a defect or an impurity, can significantly influence the properties of the material. The understanding of
the structure-property relationship at the molecular level is, therefore, essential.

1.3 PORPHYRIN AS A FUNCTIONAL MATERIAL
1.3.1

General features

Porphyrins are a group of macroheterocyclic compounds. Each porphyrin derivative has the same core
structure called porphine. Porphine consists of four modified pyrrole subunits connected via methine
(=CH-) bridges to form an aromatic ring structure (Figure 1.2a).92 The center of the ring consists of four
pyrrolic nitrogens, of which two are hydrogenated in its free form. However, the center can easily be
metallated, forming a tetradentate ligand with a metal (Figure 1.2a).7 Metalloporphyrins are then
available to coordinate or react with other species trough metallic center, which can influence reversible
changes of electronic configuration like oxidation or spin states.7,93 The porphine ring can be chemically
modified at methine bridges (meso-substituents) or pyrrolic carbons (β-substituents) with virtually any
functional group, thus providing versatility and tunability of material properties. In Figure 1.2b, the
structures of the most commonly used porphyrin derivatives are depicted, namely, tetraphenylporphyrin
(TPP), tetrapyridylporphyrin (TPyP), phthalocyanine (Pc), and protoporphyrin IX (PPIX).

Figure 1.2: (a) Structures of a porphine, a parent molecule to all porphyrins,
and its metal-coordinating counterpart; (b) Structures of the most common
porphyrin derivatives used in research.
The porphyrin structure is aromatic, with an extensive 18π conjugated electron system giving them an
intense absorption band in the visible range.7,94 While the porphine macrocycle is planar in the gas
phase, the same is not valid for all its derivatives. When substituents rotate around the bond connected
to the porphyrin ring, they often cannot align co-planar with the macrocycle either due to a steric
7

hindrance or their inherent non-planarity. Experiments showed that for the phenyl substituents in all
four meso- positions, their planar orientation is energetically very demanding. 93 Especially the mesosubstituents tend to re-orientate through interactions with other molecules in the solvent.
On the solid substrate, macrocycle may deform during the adsorption, settling into a so-called “saddleshape” formation.7 The environment may also influence the electronic structure of porphyrins, that is,
deform their molecular orbitals. For example, when porphyrin self-assembled monolayers are deposited
on a metal substrate, a charge transfer from the substrate to porphyrin molecules occurs, possibly due
to a change in the oxidation state of a metal ion in the center of the molecule. 95
Electronic and conformational features of porphyrins play a significant role in the dynamic behavior of
adsorbed molecules, affecting the functionalities of the molecules and the self-assembly process. This
knowledge can be used for fine-tuning of molecular dynamics and thin film properties by choosing the
right functional groups, metal ions, surface interactions, or conformational adaptations. 96 Thus, it is of
fundamental interest to learn about the impact of those changes on the molecular properties of
porphyrins.
Porphyrins are also highly stable, and the redox reactions are reversible under the right conditions. 97 As
large aromatic systems, porphyrins have HOMO-LUMO energy gaps in a realistic operational range
applicable in electronics.8 Due to their extended conjugation, they may form π-cation radicals relatively
stable under ambient conditions. It is also possible to synthesize porphyrins which display multiple
cationic states which operate at relatively low potentials.98 Porphyrins can also store charge up to several
minutes even without the applied potential.28,98–100 These particular characteristics allow the exploration
of porphyrins for multibit information storage with low power consumption while diminishing the
refresh rates required in a memory device. 13 The thermal stability of porphyrins allows molecules to
easily endure the temperatures of up to 400°C, which is a pre-requisite in the electronics manufacturing
industry.101,102

Figure 1.3: Schemes of porphyrin derivatives used in this work, CTPP and
CTPPS, and their product with APTMS, CTPP(S)+APTMS.
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The aromaticity of the porphyrin macrocycle sets a basis for the semiconducting properties of
porphyrins. If the macrocycles are stacked in such a manner that the π-bonding regions are near each
other, then that interaction enables electron mobility through molecules resulting in an electron
transfer.103 Also, the conjugation of a molecule may be extended through covalent linkage with other
conjugated molecules when aligned in the plane parallel to the macrocycle, assuring a long-range
transfer.104,105
Due to their specific structural properties, porphyrins are stable compounds capable of absorbing light,
transferring electrons, and catalyzing the reactions. Therefore, they are often investigated as molecular
diodes, rectifiers, wires, capacitors, solar cells, memory devices, catalysts, and so forth. 12,13,35,39,40,106–109
Basic research on the porphyrin thin film structure on silicon and their properties related to the
application are described below.
In this work, two TPP derivatives are used, 5-(4-carboxyphenyl)-10,15,20-(triphenyl)porphyrin (CTPP)
and 5-(4-carboxyphenyl succinimide ester)-10,15,20-(triphenyl)porphyrin (CTPPS). Both derivatives
are depicted in Figure 1.3. CTPPS is an activated form of a CTPP (activated with Nhydroxysuccinimide). Usually, for the coupling of carboxyl and amino groups to form a stable amide
bond, an activator is needed to make a better leaving group (activated ester).110,111 For the reaction with
APTMS, CTPP is activated in situ with EEDQ before the reaction, while CTPPS is purchased as a pure
activated form.
1.3.2

Literature overview

Porphyrins are known to create highly ordered, closely-packed monolayers when immobilized with an
organosilane linker.20 Mostly, researches have used meso-substituted porphyrins, but β-substitution is
explored as well with a direct attachment to the surface. However, this resulted in only medium coverage
and surface oxidation in air.112 Therefore, meso-modified porphyrin derivatives are the preferred choice
for silicon surface modification.
Some fascinating research has explored the direction of LbL deposition of multiple porphyrin layers
with α,α'-dichloro-p-xylene as a linker (Ln) between porphyrin rings.21 Spectroscopic characterization
of a film structure revealed densely packed monolayers and ten bi-layers which are present even after
prolonged sonication experiments in various organic solvents. 21
Cu(I)-catalyzed azide-alkyne cycloaddition is another example of multilayer formation used both for
monolayer immobilization and multilayer growth.24 Specular X-ray reflectivity (XR) measurements and
modeling of ellipsometric data indicated a high degree of linearity in multilayer growth, achieving 19
porphyrin-Ln bilayers, and, notably, their reproducibility across 23 different samples.24
Doping of a multilayer porphyrin film with Br2 caused a redshift in electron absorption spectra of the
films, indicating the removal of electron density from the core porphyrin ring rather than from pyridyl
groups.21
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Another immobilization path relies on the transesterification reaction of tetrahydroxy-TPP reacting with
an immobilized 10-undecylenic acid methyl ester.27 Characterization of the film structure indicated a
vertical alignment of the porphyrin molecules, with each porphyrin molecule binding to the surface
through one or two -OH groups, while others remain available for further modification.
In one instance, the researchers successfully prepared densely packed, long linear porphyrin structures
(up to 10 μm) on chlorosilane functionalized Si(100) surface. 42 The structures had an average width of
40-60 nm and a height of ~2.4 nm corresponding to a single monolayer.42 The linear assembly is rare
for silane-functionalized surfaces as they tend to arrange in an amorphous network. However, the choice
of a substrate might influence the ordering in deposited films. Additionally, since, in this case, a reaction
between individual porphyrin molecules is not expected, one might assign the ordering of the structures
also to the π-π stacking interactions, leading to an overlap between the electronic states of individual
porphyrin units.
By varying the synthetic conditions, the choice of anchoring atom or moiety, solvent, or even the
substrate pre-functionalization, one can influence the process of molecular immobilization and the
quality of the resulting structure. Zanoni et al. derivatized porphyrins with different functionalities
attached to their structure, different metal centers, and deposited on I-terminated Si(111) and Clterminated silicon (100) surfaces.25 The derivatives are used for XPS studies on the definition of actual
electronic states of free-base and metalloporphyrins on silicon by locating their N 1s binding energies.25
The N 1s spectra of neat monohydroxy-TPP and tetraethynyl-TPP contain two pairs of unprotonated
and protonated nitrogens in a core porphyrin ring at ~398 eV and ~400 eV, respectively. When the
porphyrin is metallated, the two peaks converge into one peak at ~399 eV, as the nitrogens are now
equally ligated to the metal atom.
However, when deposited on a silicon substrate, the N 1s region becomes a complex peak, even with
metalloporphyrins. A thorough investigation revealed that the actual electronic state of immobilized
porphyrins (both free-base and metal complex) is at the energy corresponding to demetallated
porphyrins after the deposition on the surface (~400.5 eV). The peak is assigned to a diacidic nitrogen
derivative carrying a 2+ charge on the ring.113 Since demetallation requires acidic conditions, it is
suspected that protons are produced locally at reaction sites. This discovery is essential for all similar
measurements in the future, enabling quick and exact identification of porphyrin species on the surface.
The kinetics of monolayer deposition and film growth vary depending on the type of porphyrin
derivative, as well as the type of substrate. For a silicon substrate, a couple of studies are conducted to
investigate these dynamics.26,114
Lu et al. explored the kinetics of spontaneous grafting of the aryldiazonium porphyrin salts to the Hterminated silicon surface.114 For this purpose, a TPP derivative bearing a diazonium moiety, as well as
its Cu(II), Zn(II), and Co(II) complexes are synthesized. Upon deposition, the film thickness of a freebase analog increased to tens of nanometers with varying concentrations and deposition time.
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Meanwhile, the Zn(II)- and Co(II)-analogues showed considerably slower film growth with 4-30 times
thinner films for the same concentration and reaction time. The crucial step in the deposition mechanism
is the formation of a radical species from the diazonium salts because metalloporphyrin radicals have
low stability.115 It is suggested that due to this low stability, the concentration of the active species is
relatively low, leading to slower film growth.
Gadenne et al. looked into the structure and growth mechanism of different porphyrin derivatives,
namely of Zn(II)- and Fe(II)-protoporphyrin (Zn(II)-PPIX and Fe(II)-PPIX), and Zn(II)-phthalocyanine
(Zn(II)-Pc) on an aminosilane-modified silicon surface.26 The data revealed that each derivative has a
different rate of film formation, the extent of film formation, and the number of mechanism steps. 26
Adsorption of Zn(II)-PPIX happens in 3 successive steps. The mechanism begins with 20-second
adsorption of porphyrin molecules on the surface. Since the thickness of the layer is less than a
theoretical length of the molecule, and the UV/vis spectra are similar to those in solution, it is a clear
indication of a disordered layer. The first step is followed by a 19-minute latency phase in which
molecules re-arrange on the surface, making space for more molecules. The second step creates a Zn(II)PPIX monolayer, according to thickness measurements. Finally, the third step lasts 150 minutes, during
which a second monolayer is formed through a head-to-tail insertion of Zn(II)-PPIX molecules into the
first monolayer, thus maximizing the stacking interaction between porphyrin cores.
The film growth for Zn(II)-Pc stops after the formation of a first monolayer, while Fe(II)-PPIX never
achieves a full monolayer formation. Instead, they resume in the form of disordered layers, oriented flat
on the surface, possibly because Fe atom interacts with surface amine groups. 26
Due to the ability to complex with the metal atoms, porphyrin properties can be fine-tuned using
different metal cations,44 and are researched as catalysts.40 Porphyrins on silicon nanowires (SiNWs)
demonstrate stable photocurrent behavior when irradiated with white light and recovery to the original
state when the irradiation is off.8 The measured photocurrent value is three times higher as the value
obtained for nanowires only and 13 times higher as the value for the porphyrin/flat Si system.8 Finally,
porphyrins are known photosensitizers. The fluorescence decay curves show shorter decay lifetimes
demonstrate higher degree of fluorescence quenching with shorter linkers.11 Combined with gold
nanoparticles, porphyrin monolayers on Si exhibit both strong plasmons from nanoparticles and strong
luminescence from porphyrins.43 Porphyrins are mostly known for their application in photodynamic
therapy for skin treatments and cancer research. When immobilized on silicon nanoparticles together
with mannose, the experiments with cancerous cells result in up to 75% cell death.32,41
When a covalent Si-C bond is established between porphyrin molecules bound through the surface
through a long alkyl chain (C11), the electron transfer takes place between porphyrin molecules and the
silicon substrate in electrochemical measurements.33 The system exhibits a bistable behavior with two
conduction states: a low-current state (off) and a high-current state (on), revealing a possible application
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in molecular memory devices.33 The linker length influences the electron transfer rate of the substrate.
The further the porphyrin ring (redox center) is away from the surface, the slower the electron transfer. 116
The research on porphyrinic σ-π-σ systems reveals the pronounced reversible negative differential
resistance effect, which appears to be intrinsic to the porphyrin molecules.34 When constructed as a
donor-spacer-acceptor (D-s-A) system, the layers exert high rectification ratio.35
The electrochemical properties of porphyrins can be utilized in many different ways. The Lindsey and
Bocian groups developed a body of knowledge on building porphyrin-based complementary metaloxide-semiconductor utilizing their redox properties and processing hybrid semiconductor devices. In
these devices, the information is stored in oxidative and reductive redox states, which is a basis for the
writing/reading process. During a decade-long project, the group synthesized hundreds of porphyrin
derivatives with varying structures and investigated the influence of changes in the film properties and
structural integrity. The molecular design is crucial for developing and testing different aspects of
dynamic random access memory device into which porphyrins will eventually be integrated. Parameters
like substrate type, type and length of tethering moiety, or influence of the environment are varied to
investigate the influence on attachment, stability, charge transfer, and charge retention properties. The
prepared systems are characterized and optimized for the final application. In this literature overview,
only findings related to silicon surface modification with porphyrin derivatives are covered. The
complete account of all research in this project, including the use other substrates, the influence of
porphyrin layer structure on its electronic properties, and the integration of the porphyrin/silicon system
into an electronic device is summarized in Lindsey et al.13
Jiao et al. studied in detail the adsorption geometry of porphyrins by using spectroscopic labels to
investigate the tilt (θ) and rotation (φ) angles of Zn(II)-TPP derivatives on silicon and gold surfaces,
allowing for the distinction of two in-plane axes of the porphyrin ring.23 Either methylthio (-CH2S-) or
benzylthio (-BzS-) moieties are used as an anchor on Au or Si, and a tripodal alkenyl group as an anchor
on Si. The CF3 labels are strategically placed on a porphyrin derivative, so the methyl group of a p-tolyl
substituent that lies along the molecular axis distal to the tether (RD) could be distinguished from the ptolyl substituents that lie along the orthogonal in-plane axis lateral to the tether (RL).
The general trend observed is that both tilt and rotation angles monotonically increase with the
decreasing surface coverage.23 When the surface coverage is lower, the molecules can occupy more
space. Since at low coverage, the amount of neighboring molecules is low, the porphyrin molecules
may exert greater tilting, aligning more coplanar with the surface.
For all monolayers on surfaces, the rotation and tilt angles are around 45°. From the results, it is not
clear if molecules have a tight distribution of angles around 45° or do the molecules have a random
distribution of orientations. Since there are no intramolecular steric constraints present that would
prohibit φ angles in the range from 0° to 90°, it is entirely plausible that orientations about the molecular
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axis are randomly distributed. However, due to steric constraints, the distribution of θ angles is plausible
but constrained to a smaller range.
Three sets of rotation angles are determined for all samples.23 Two sets of angles are calculated using
the νs(CF3) or ν(pyr) absorbances and φ angles determined from the measurements. The third set is
calculated using ν(pyr) measured absorbances and φ = 90°. The 90° rotation angle is chosen due to all
previous evaluations in the literature, which required an assumption for the rotation angle. Since at the
saturation coverage the tilt is expected to lean to coplanar orientation, the 90° assumption is favored by
scientists. This value is often referred to as an average tilt angle, α.
Evaluation of the data revealed that θ angles using ν(pyr) absorbances (58°- 68°) are larger than those
using νs(CF3) absorbances (40-43°). Such large angles are not likely to occur due to steric interactions
with the surface. The θ angles determined using the νs(CF3) angles are more similar to the values of an
average tilt angle (33-40°). Even though a couple of control experiments are performed to probe the
question of these differences, an adequate explanation is not found. However, the similarity of the results
obtained here with earlier reports supports the idea that average tilt angles reflect the actual tilt angles
and thus provide a sound assessment of the surface orientation.
Finally, the similarity of surface properties of all porphyrins, no matter the attachment chemistry or a
substrate, suggests that the intrinsic macrocycle properties mostly control the adsorption geometry. In
Table 1.1, determined average tilt angles of diverse porphyrin derivatives on Si surface across literature
are summarized. There are no evident patterns in data, except perhaps that all porphyrins deposited
indirectly to surface have somewhat greater tilt angles (between 40° and 70°) compared to directly
deposited derivatives (between 33° and 60°). Coincidentally, all indirectly deposited samples are
attached to the surface with silane chemistry through the Si-O bond. These results are perhaps to be
expected, as it is known that the addition of each successive layer results in a less than ideal surface
coverage, contributing to the layer imperfection. Additionally, the deposition of silanes results in an
amorphous siloxane network with questionable availability of surface functionalities. All this may
contribute to low surface coverage and, thus, a higher tilt angle.
The surface coverage of porphyrins at monolayer saturation coverage is around 1×10 -10 mol cm-2.20 In
Table 1.1, the surface coverages of porphyrins on the silicon surface are listed. There are no clear trends
related to the success of surface coverage, and a few authors focused on elucidating which parameters
influence the surface coverage. From work done by Gadenne et al., one can deduce that the surface
coverage depends on a type of a porphyrin derivative.26 However, a more systematic approach is needed
to make general conclusions. Some groups can establish control over the film growth and achieve higher
coverages with an increasing layer number.29,117
The success of the attachment to the surface is assessed by Liu et al., who synthesized a collection of
porphyrin derivatives with a variety of hydrocarbon tethers and different substituents on the ring. 118 The
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influence of the high-processing temperature conditions (400 °C) on the properties of the film is
evaluated.118
Table 1.1: Surface coverage and tilt angles of porphyrin molecules on silicon
surfaces in literature.
Deposition method

Anchoring
bond

Type of attachmenta

Surface coverage, Γb

Tilt angleb,α

(direct/indirect)

[×10-10/mol cm-2]

[°]

deposition from solution

Si-Ph

direct

10

60

114

hydrosilylation

Si-CH=

direct

0.2 – 75

-

29

hydrosilylation

Si-C, Si-CH=

direct

0.9 – 1.5

37-46

38

hydrosilylation

Si-C

direct

2.0 – 5.1

38

36

hydrosilylation

Si-C

direct

1.6 – 1.9

38-43

119

hydrosilylation

Si-C

direct

1.9 – 3.2

33-42

117

hydrosilylation

Si-C

direct

0.4 – 2.2

36-41

22

hydrosilylation

Si-C

direct

2.2

46

30

silane chemistry

Si-O-Si

indirect

2.0

43

20

silane chemistry

Si-O-Si

indirect

2.0

43

21

silane chemistry

Si-O-Si

indirect

0.04 – 4.2

-

26

electrografting

Si-C

direct

1.7

-

33

drop deposition

Si-O-CH2

direct

0.3 – 4.2

-

100

drop deposition

Si-O-CH2

direct

0.4

-

39

hydrosilylation

Si-CH=

indirect

0.6

-

112

hydrosilylation

Si-(CH2)n-

indirect

0.4

-

27

silane chemistry

Si-O-Si

indirect

0.4 – 0.6

67

42

silane chemistry

Si-O-Si

indirect

0.4

-

43

hydrosilylation

Si-X-CH2-Ph,
Si-X-CH2-Por
(X = O, S, Se)

direct

0.5 – 0.8

34-55

28

hydrosilylation

Si-(CH2)n-

direct

0.5 – 1.0

37-50

31

hydrosilylation

Si-C, Si-S-CH2Ph, Si-S-CH2-P

direct

0.2 – 1.2

37-59

23

hydrosilylation

Si-C

direct

0.04 – 1.2

-

120

silane chemistry

Si-O-Si

indirect

~0.1

-

44

electrografting

Si-C

direct

<0.1

39-51

34

electrografting

Si-C

direct

0.02-7.5

-

35

hydrosilylation

Si-X-CH2-Ph,
(X = O, S)

direct

0.02-0.7

-

37

silane chemistry

Si-O-Si

indirect

-

40-70

24

Ref.

Some general trends are observed when porphyrins are baked onto the surface. Namely, the surface
coverage increases monotonically with the increasing baking temperature, while the time to reach the
highest surface coverage decreases. It is found that the optimal baking conditions to reach saturating
coverage are 400 °C for 20 min.118 Baking at temperatures higher than 400 °C does not result in
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improved surface coverage but leads to degrading instead. The increasing porphyrin concentration from
1 to 100 μM in solution led to increasing surface coverage. However, no increase is observed for
concentrations above 100 μM. The choice of solvent does not seem to influence the quality of the
surface.
The direct attachment is achieved with the following tethers: 2-(trimethylsilyl)ethynyl, vinyl, allyl, and
3-butenyl. When it comes to substituents on the ring, the attachment is achieved with iodo,
bromomethyl, 2-(trimethylsilyl)ethynyl, ethynyl, vinyl, and allyl moieties. 118 All attached porphyrins
achieved similar surface coverages, while the attachment is not achieved for sterically congested
porphyrins (meso-iodo, β-dibromo, and vicinal β-dibromo). The CV experiments demonstrate similar
features for both routes of deposition, indicating a robust electrochemical behavior. Furthermore, the
relatively narrow voltammetric waves and the absence of visible surface oxidation at high potentials
indicate uniform packing and full surface coverage. The tests with electrochemical cycling on one of
the prepared samples showed the unchanging voltammetric features for ∼1010 redox cycles.118
The influence of different tethering linkers, -Bz- and -CH2-, and different tethering group VI atoms, O,
S, or Se on the quality of the thin films are evaluated next.28 While both types of linkers achieve surface
binding, the -Bz- linker provides a more upright orientation of molecules with respect to the surface
normal (37° as opposed to ~50° for -CH2-), resulting in a higher packing density. The type of tethering
atom, O, S or Se, does not affect the electron transfer kinetics.28 However, molecules with the -CH2linker demonstrated faster electron transfer rates by a factor of almost three compared to those with Bz- linker, presumably because of a shorter distance of a molecule to the surface.28
Wei et al. focused only on carbon-tethered porphyrins, investigating their structural and electrontransfer properties when attached to the Si surface.31 The influence of different linker types on the film
properties is examined with two classes of Zn(II)-TPPs. One class is designated ZnPX with an alkyl
anchor -(CH2)n- attached directly to a porphine ring. The other class of derivatives is designated ZnPPhX
with phenyl (-Ph-), or phenylalkyl (-Ph(CH2)n-) anchor attached to the ring. The structural and electrontransfer properties of investigated derivatives are comparable to their analogs with an O, S, or Se
tethering atom. The findings suggest that the physicochemical characteristics of monolayers foremost
depend on the type of the porphyrin molecule and the linker rather than the anchoring atom.31 However,
the choice of anchoring atom is still relevant when thinking about the chemical stability of the
monolayer.
The ZnPPh and ZnPPhCH2 monolayers demonstrate adsorption geometries and packing densities
qualitatively more similar to those of the ZnP(CH2)n monolayers, than those with the longer phenylalkyl
-PPh(CH2)n- tethers.31 The behavior indicates that short alkyl and aryl linkers do not possess torsional
flexibility sufficient to optimize the packing of the molecules on the surface. However, adding at least
one more methylene group leads to the formation of more densely packed monolayers. The tilt angle
15

decreases with an increasing number of methylene groups, relating to their ability to stand more upright,
possibly due to the larger torsional flexibility of the longer phenylalkyl linkers. 31
Liu et al. worked on the synthesis of a variety of Zn(II)-TPP derivatives with appended ethyne moieties
to promote intermolecular reactions to facilitate polymerization.29 The results show that almost all
unprotected porphyrin derivatives undergo a thermal polymerization producing a multilayered film. 29
The protected derivatives did not form films, only monolayers. The CV measurements reveal 60 times
larger surface coverage of polymerized film than of the saturated monolayer. 29 The polymerized films
retain their redox activity, but with slower electron transfer rates compared to monolayers. It is also
revealed that the surface coverage varies considerably among derivatives but without an observed trend
related to the extent of the surface coverage and the molecular structure.
Four sets of experiments are conducted to explore the nature of polymerization:29
(i) In the first set, thermally linking of various iodo- and ethynyl-functionalized porphyrins on the
surface resulted in a monolayer formation.
(ii) In the second set, the molecules are deposited on SiO2, gold, and glass surface. On these
surfaces, polymerization also occurred, but there is no covalent attachment to these surfaces.
(iii) In the third set of experiments, monolayers of mono-ethynyl- or mono-alcohol-functionalized
derivatives are prepared, followed by a deposition of an overlayer containing a multipleethynyl-functionalized porphyrin. The electrochemical characteristics of such a system are
similar to the one formed by direct anchoring of the overlayer molecule to the surface, indicating
the possibility of preparation of multiple mixed layers.
(iv) In the fourth set of experiments, FTIR and resonance Raman spectroscopy are used to research
linking between porphyrins and some benchmark molecules (enynes). The enynes are
investigated because these might form between neighboring porphyrin during the thermal
process. However, the signature C≡C and C=C vibrations could not be observed. The absence
of enyne vibrations could be related either to saturation of the bonds between porphyrin
molecules due to elevated temperatures, or the conversion of bonds to 1-phenylnaphthalene and
2-phenylnaphthalene, as suggested by the study of ethynyl-benzene pyrolysis.
Presented research sets the basis for porphyrinic film growth with the film thickness control and
provides an alternative to polymerization in solution.
Padmaja et al. synthesized and deposited a Zn(II)-TPP derivative with an all-carbon triallyl tripod
anchor on an H-terminated silicon surface.30 Electrical and electrochemical properties of the derivative
are investigated, and it is found that redox potentials, charge retention time, electron transfer rates, and
tilt angle are all similar to those reported earlier for porphyrins with monopodial tethers. However, the
surface coverage is three times higher than for monopodial tethers.
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The research related to defining a porphyrin thin film structure on silicon and its correlation to the thin
film properties is summarized in this sub-chapter. Porphyrins create highly-ordered, closely-packed thin
films that allow further modification with the possibility of building 3D structures. The deposition of
porphyrins is reproducible. However, the quality of the thin film and the rate of deposition will depend
on the porphyrin bulkiness, attached side-groups and linkers, or type of metal cation. Investigated
porphyrinic structures demonstrate good catalytic and electron transfer properties, the on-off switching
behavior useful for the construction of molecular memories, rectification properties, and
photosensitivity. The electron transfer, and therefore, electronic properties of porphyrins depend on the
distance of the porphyrin ring from the surface. Overall, the presented literature provides a solid basis
for building research projects on high-quality porphyrin thin film structures and their application in
modern electronics and sensing devices.

1.4 MALEIMIDE AS A FUNCTIONAL MATERIAL
1.4.1

General features

Maleimide has a unique role in biosensing in regards to the specific bonding and the preservation of a
biomolecular structure. It is selective only towards a thiol group (-SH). In its structure, maleimide has
two carbonyl groups demonstrating a withdrawing effect (Figure 1.4a). The withdrawing effect is
coupled with the release of ring strain upon reaction with thiol, favoring the formation of a product. 45
Maleimide can be deposited on the surface either directly (Figure 1.4c) or via coupling to the surface
functionalized with a linker molecule (Figure 1.4d).
In biomolecules, thiols are found only in one amino acid, cysteine. The natural abundance of cysteine
in proteins is low.121 Because of this reason, the thiol-maleimide reaction is used densely in research on
bioconjugates,122 and is appealing to utilize the same qualities in materials research as a highly specific
material for immobilization.45,123 Furthermore, the proteins themselves can be custom-tailored, so that
cysteine is inserted at a specific position suitable for bonding to the surface. 121 In that way, binding sites
can be reduced to a minimum, preserving the shape of the protein and with that, its specific function.
Thiol moieties can also be inserted into a structure of other biomolecules, like DNA or RNA,
manipulating the bonding of the molecule at the specific site (Figure 1.4e).
Except for the selectivity, other advantages of maleimide is that the reaction can undergo in aqueous
media and without a catalyst. Besides the reaction of a thiol with the ring, the maleimide ring moiety
can be further functionalized through the nitrogen atom, thus attaching different functionalities to a
product.
Thiol-maleimide conjugation is a well-established reaction known as thiol-Michael addition, resulting
in the formation of a thiosuccinimide bond.45,123 The mechanism of thiol-maleimide coupling starts with
the formation of a thiolate anion (Michael donor). 45 The initiator is most often either a weak base or a
nucleophile. The mechanism schemes of both paths are depicted in Figure 1.5a and b.
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Figure 1.4: (a) Maleimide. (b) Maleimidophenyldiazonium salt. (c) Direct
immobilization of a maleimidophenyl molecule. (d) Immobilization of a
maleimide-containing molecule through a linker deposited on the surface. (e)
Immobilization of a biomolecule on a maleimide-functionalized surface.
In the base-initiated mechanism, a weak base abstracts a hydrogen atom from thiol, creating a thiolate
anion. Thiolate is a strong nucleophile which then attacks a ring double-bond (Michael acceptor),
generating a basic enolate intermediate. The enolate then abstracts hydrogen from another thiol
molecule, leading to a product - a thioether and another thiolate molecule, thus continuing the
propagation step.45
If an initiator is a nucleophile, the reaction starts with a nucleophilic attack on a maleimide double bond,
resulting in a zwitterionic enolate (Figure 1.5c). The enolate deprotonates a thiol, and from that point,
the mechanism of propagation is the same as for the base-initiated mechanism.45
Singh et al. compared covalent immobilization of enzymes on silica beads with two different
chemistries.124 The findings suggest maleimide-chemistry as an excellent alternative to the prevalent
aminosilane chemistry in terms of (a) the amount of immobilized enzyme and (b) preservation of the
enzyme’s specific activity. Thus, maleimide promises good immobilization properties with the
advantage of bringing in a high-selectivity, whereas amines react readily with other organic species.
The applications of maleimide’s specificity are versatile. In a recently developed paper-based
fluorescent sensor, the thiol selectivity of maleimide is crucial for the detection of hydrogen peroxide
and glucose.125 High sensitivity and good selectivity of hydrogen peroxide, as well as glucose, are
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achieved both in solution (nanomolar range) and on paper (micromolar range). Thus, this simple set-up
has great potential of being used as an in situ assay for the detection of hydrogen peroxide and glucose
in real samples like blood.

Figure 1.5: (a) Mechanism for the thiolate-catalyzed addition of a thiol to an
N-substituted maleimide. (b) The formation of a thiolate anion from an acidbase equilibrium reaction. (c) Formation of a thiolate anion following a
nucleophile-initiated mechanistic pathway. Reproduced from Ref.45 with
permission from The Royal Society of Chemistry.
Thiol-maleimide reaction also found its place in research on modern materials. In a work of Achadu et
al. with graphene quantum dots, maleimides are used as sensing units themselves as a fluorescent sensor
for thiols.126 The covalently-functionalized quantum dots showed higher sensitivity than those
functionalized non-covalently. The developed system can detect thiols at nanomolar levels in aqueous
solution and at physiological pH.
In this work, a maleimide derivative, maleimidophenyldiazonium salt (p-MPDS, Figure 1.4b), is used
for surface modification via electrografting. The mechanism of the reaction is described in detail in
Chapter 2.1.3.
1.4.2

Literature overview

The research on basic structural properties of maleimide-containing organic materials and their
interactions with thiols on the silicon interface is limited to a handful of publications. Nevertheless, it
shows promising results and outlines the path for further research.
Wang et al. compared four different surface modification approaches for the functionalization of silicon
with maleimide-terminated compounds.47 The methods of direct tethering functionalization of the
surface are compared with the earlier established method of layer-by-layer (LbL) deposition 48
Data analysis indicated the best surface coverage (50%) when the maleimide group attached through a
long-alkyl chain modified with chlorosilane head is chosen as a starting material. The single-step
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synthesis path is likely to contribute to these excellent results. However, the surface coverages of all
four paths are not presented, and therefore the quality of the prepared surfaces could not be compared.
Further experiments with the samples prepared via method 4 reveal surface tunability when mixed with
different molar fractions of CH3-terminated alkyltrichlorosilanes. Prepared surfaces demonstrated
successful linking with a series of nucleophiles (nucleophilic heterocycles, alkylthiols, amines, and
thiol-tagged DNA oligonucleotides), although no evidence is presented regarding their covalent nature.
However, sonication and washing of the samples in solvents point to the strong adhering to the surface.
The immobilization efficacy of two functional groups, maleimide and amine, is investigated in more
detail by Böcking et al.58 Surface is functionalized with aminoalkenes to which N-succinimidyl 3maleimidopropionate (SMP) is coupled and used for thiol immobilization. Several different thiols are
immobilized on the surface (decanethiol, 2,2,2-trifluoroethanethiol, and N-(2-mercaptoethyl)-14Cacetamide) and evaluated for different properties.
X-ray photoelectron spectroscopy (XPS) investigation of the immobilization of SMP and decanethiol
indicates that neither the reactions of the amine monolayer with SMP or SMP with thiols are complete.
The reaction of the amine monolayer and SMP resulted in a 50% yield. Furthermore, the fluorine-rich
2,2,2-trifluoroethanethiol and radioactively-labeled N-(2-mercaptoethyl)-14C-acetamide are used to
detect and quantify the number of formed thioether bonds. The ratio of thiols to aminoalkyl chains in
the film is between 1:3 and 1:7. The XR data indicate a densely packed monolayer and no significant
degradation of the quality of the layers during all modification steps. Also, the ratios of 1:1.5 of SMP
and aminoalkyl chains and 1:2 of decanethiol and aminoalkyl chains are estimated. The results outline
the problem of LbL deposition, contributing to a loss of thin film quality with each deposition step.
Thus, direct deposition is desirable whenever possible.
Three functional groups, (i) maleimide, (ii) N-hydroxysuccinimide (NHS) ester, and (iii) hydrazide, are
compared in work by Kim et al.59 to evaluate their efficiency in immobilizing a protein, monoclonal
rabbit immunoglobulin G (IgG). The measurements with UV/vis spectroscopy and fluorescence
microscopy revealed a ~40% and 50% surface coverage of succinylated and maleimidylated (3aminopropyl)triethoxysilane (APTES) thin films, respectively. Infrared spectroscopic ellipsometry
(IRSE) results indicate significantly greater surface coverage (80%) for succinylated APTES. The
difference in coverage originates from the choice of measured parameters. In UV/vis measurements, the
coverage is determined based on unreacted amino groups. In ellipsometry, the surface coverage
calculation is based on the estimated film thickness.
The IgG protein is immobilized according to each surface's chemistry. The NHS-, hydrazide-, and
maleimide-surface groups are each coupled with primary amines (-NH2) in IgG, the aldehyde (-CHO)
of an oxidized carbohydrate residue in IgG, and the sulfhydryl (-SH) of fragmented half-IgG,
respectively. Their biological activities are estimated as well by measuring fluorescence intensities
before and after the adsorption of the antibody FITC-labeled goat anti-rabbit IgG (FITC-Ab).
20

At FITC-Ab concentrations of less than or equal to 0.01 mg mL-1, fluorescence intensities of half-IgG
immobilized with maleimide and hydrazine are comparable. At FITC-Ab concentrations greater than
0.02 mg mL-1, a 10% larger amount of FITC-Ab accumulates on the surface with half-IgG immobilized
with maleimide. Meanwhile, fluorescence intensities of half-IgG immobilized with NHS are 50-70%
lower than both maleimide and hydrazine. The long-term biological activity and hydrolytic stability of
immobilized protein systems are similar, with fluorescence intensities of all three samples reduced by
~25% after seven days of incubation in phosphate-buffered saline.
The results indicate that biological activity indeed depends on the choice of chemical linkers by dictating
the availability of active sites in a protein. Out of the three tested linkers, maleimide shows superior
bonding capacity over NHS and hydrazine.
Seto et al. proposed an innovative technique for the immobilization of polymers on siliceous surfaces
using maleimide-thiol chemistry.60 Maleimide groups are introduced to the surface with SMP and used
to immobilize various polymers. Several polymers with distinct properties [polystyrene (hydrophobic
polymer), poly(acrylic acid) (anionic polymer), poly(N-isopropylacrylamide) (temperature-responsive
polymer), and poly(p-acrylamidophenyl-α-mannoside) (glycopolymer)] are introduced on three
different substrates (silicon wafer, glass slide, and silica-sputtered substrate) to demonstrate a broader
applicability. All but one polymer (hydrophobic polymer) produced smooth, thin layers.
Glycopolymer (PMan) is selected as a platform for research on protein microarrays and micropatterning
by photolithography. FITC-labelling is used for comparison of thiol-terminated polymers immobilized
covalently through a thiol-maleimide bond with non-covalently deposited (spin-coated) counterparts.
Fluorescence microscopy measurements are performed on two FITC-labeled proteins (albumin from
bovine serum (BSA) and concanavalin A (Con A)) adsorbed to PMan-functionalized glass slides and
compared with spin-coated PMan-glass slides. Covalently immobilized PMan thin films demonstrated
a higher intensity than their spin-coated counterparts. It is assumed that the spin-coated PMan is eluted
from the glass slide during incubation in a protein solution due to its physisorbed nature.
The prepared surfaces are further tested for the protein-recognition ability and compared with a
commercially available, poly-L-lysine-coated (PL-coated) glass slide. The coating of the commercial
glass slide is based on electrostatic interactions. The PMan-immobilized glass slide allowed detection
of up to 0.005 g L-1, while the commercial glass slide allowed the detection of only 0.01 g L -1. Especially
for Con A protein, the slide demonstrates specific and strong bonding to the surface, indicating a better
detection with covalent bonding.
Electrochemical grafting is another route used for the immobilization of organic material on Hterminated silicon surfaces. Maleimide is first immobilized using this method by Sun et al.61 The surface
is first functionalized with carboxyl- groups using carboxybenzyl diazonium salt, creating a stable Si-C
tether. The carboxyl groups are then used to introduce amine functionalities through reaction with 1,321

diaminopropane. Finally, maleimide moiety is introduced to the surface by depositing N-(2carboxyethyl)maleimide. The experiment is performed on both Au and Si(111) surfaces.
The carboxybenzyl-covered Au surface is mapped using the FTIR synchrotron mapping ellipsometer,
revealing surface inhomogeneity. The film inhomogeneity might be caused by variations in morphology
or structural changes caused by having many deposition steps, resulting in a disordered layer. The
findings are in agreement with other experiments with the LbL deposition path.
Zhang et al. approached this problem by synthesizing p-MPDS and deposited it directly to the Si-H
surface.62 Chronoamperometric measurements revealed that a first monolayer is formed after 60 s of
electrodeposition at -2 V. The formation of a second monolayer is estimated at around 250 s, based on
the amount of charge consumed and assuming a two-electron process. The slowed-down formation of
a second monolayer is due to a steric hindrance of available ortho- position by a bulky maleimide group
in para- position on the benzene ring.
The prepared substrate is tested for its biosensing capabilities. A cysteine-peptide is immobilized on the
maleimide-functionalized surface and tested for binding of specific and non-specific antibodies.
Spectroscopic measurements showed a successful deposition of specific antibody through an increase
in the intensity of amide bonds, while the non-specific antibody is only loosely attached.
The same experiment is repeated in situ with quartz crystal microbalance - flow injection analysis to
explore the immunosensing label-free potential of the prepared samples. The surface demonstrates a
higher affinity towards a specific antibody. Its concentrations exceeding 10 μg ml-1 show a binding
activity, with the greatest mass change (Δm) occurring at 50 μg ml-1. The non-specific antibody shows
non-specific binding at a concentration of 10 μg mL-1. However, the surface shows no further affinity
towards non-specific antibody at higher concentrations.
Immunoelectrode potentiometric response measurement on Si at zero current showed a 40 mV change
in potential at the specific antibody concentration of 22.5 μg mL-1. There is no significant change for a
non-specific antibody, thus confirming the selectivity of the surface as a biosensor.
The research on p-MPDS thin films is continued by Kanyong et al., who looked into the kinetics of the
deposition mechanism by quantifying the amount of electrografted maleimide material on Au-QCM and
μc-Si-Au-QCM, and c-Si(111) surfaces with in situ electrochemical quartz crystal microbalance
(EQCM) and spectroscopic measurements.63 The EQCM measurements reveal a ~0.5 grafting efficiency
after the first potential scan for Au-QCM, μc-Si-Au-QCM sensors. However, after the following four
potential scans, the mean grafting efficiency (ηmean) is ~0.6 and ~0.25 for Au-QCM and μc-Si-Au-QCM,
respectively. This behavior is once again explained with the steric hindrance of bulky maleimide
molecule, consistent with the earlier reports. Correspondingly, a formation of about 3 (Au-QCM) and 6
(μc-Si-Au-QCM) monolayers is calculated after the first potential scan, and 5 and 8 monolayers after
five cycles followed by removal of loosely bound molecules. The microcrystalline structure of silicon
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is speculated as a reason for a thicker layer on μc-Si-Au-QCM. The electrochemical deposition is also
studied with in situ ellipsometry. A comparison of amplitudes of the C=O band for in situ measurements
indicates a thickness of 3.5 nm ± 0.5 nm.
Application-wise, immobilization of maleimide on the silicon surface has mostly been utilized in
research on DNA hybridization as a crosslinker between a surface and thiol-bearing DNA
oligonucleotides.48–53,55,57,64,65,127,128 DNA (or RNA) hybridization is a measure of the degree of genetic
similarity between two DNA sequences and has its application in genetics. The technique usually
involves the coupling of a labeled DNA (e.g., with a fluorescence tag) strand with an unlabeled one.
The more complementary the unlabeled strand is to the labeled DNA, the stronger the bonds between
them and, thus, will require more energy to separate them. The less complementary sequences will
dissociate or “melt” away faster. The DNA strands usually do not contain thiol group, but may be
chemically modified to have them.
The covalent nature of the bond between the organic material and silicon improved the stability of the
surface.129 The stability is kept even when this way of modification is transferred to H-terminated
SiNWs.64 Passivation of the remaining unreacted surface sites with 1-octadecanethiol between deposited
maleimide-alkyl chains resulted in well-ordered alkyl monolayers.52 Some researchers resorted to using
polymers to achieve a “matrix isolation” of oligonucleotides to diminish the molecular interaction
between oligonucleotide molecules and oligonucleotides and the surface and thus improve their
biosensing selectivity.55,57,128 The use of polymers resulted in a drastically reduced non-specific
adsorption of oligonucleotides during the hybridization experiments.55,57
The presented summary of research on the functionalization of silicon surface with maleimidecontaining moieties reveals that the best surface coverage with maleimides is achieved with direct
coupling of the molecule to the surface via deposition techniques such as hydrosilylation or
electrografting. The maleimide-covered surface can further be tuned by mixing of the layers with nonreactive molecules (i.e., alkyl chains) to achieve spacing of the maleimide groups on the surface. When
tested against other functional groups, maleimide showed superior results in biological activity due to
the availability of active sites in a protein molecule. Additionally, a better sensitivity of the biosensors
was achieved when maleimide was immobilized covalently on the surface, as opposed to non-covalent
attachment in biosensors, which are used as a commercial standard.
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2 EXPERIMENTAL METHODS
2.1 CHEMICAL SURFACE MODIFICATION
2.1.1

Pre-treatment of a Si(111) surface

Depending on the chosen surface modification route, the substrate surface needs to be prepared
accordingly. In this work, two surface terminations were used: (i) oxidized with OH-termination and
(ii) H-terminated Si.
To obtain Si-OH groups on the surface, the passive siloxane network of a native silicon oxide must be
oxidized in strong acids. In the present work, the silicon substrate is oxidized as follows:
1) Cleaning the substrate in an ultrasonic bath in an organic solvent to get rid of any loosely
attached organic molecules that might come from packaging or environment.
2) Etching of the substrate in a 1% HF solution to peel off the native oxide layer and any other
molecules that might still be present on the surface.
3) Oxidizing the substrate in piranha solution (H2SO4(conc):H2O2(conc) = 1:1) to obtain silanol bonds
(Si-OH).
To establish a Si-C bond between the organic layer and the silicon, the native oxide should be removed
from the surface, and the surface silicon atoms capped with hydrogen atoms (H-terminated Si). To
obtain the H-terminated Si surface, the following steps were taken:
1) Cleaning the substrate in an ultrasonic bath in the organic solvent to rid off any loosely attached
organic molecules that might come from packaging or environment.
2) Etching of the substrate in 1% or 10% HF solution to rid off any remaining organic molecules
and to peel off the native oxide layer.
Such OH- or H-terminated substrates were immediately used in the reaction.
2.1.2

Silanization with (3-aminopropyl)trimethoxysilane (APTMS)

The most popular strategy for the covalent attachment on silicon is through silane chemistry.
Silanization provides quick covalent bond formation with the surface by integrating into the existing
siloxane network of the native oxide. Silanes form a siloxane network that stabilizes the monolayer.
However, even though there has been extensive research on silane deposition and characterization, it
remains a challenge to create uniform monolayers.130 The silanization reaction is complex, and the
mechanism is still under debate. However, three steps are known and expected to occur.
1) Hydrolysis of organosilane molecules (Figure 2.1) in solution or close to the surface.
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2) Hydrogen bonding between organosilane molecules from the solution and surface silanols is
established. Organosilane molecules are still capable of moving laterally across the surface (Figure 2.1).
The movement leads to aggregation driven by attractive forces such as van der Waals forces between
the pendant hydrocarbon chains, hydrogen-bonding, and dipole-dipole interactions. The aggregation
ultimately leads to lower mobility of siloxane molecules.
3) Condensation to Si-O-Si network between organosilane molecules and surface Si-OH groups
(Figure 2.1). In the case of trifunctional organosilanes, all three hydrolyzed groups can react with the
surface or laterally with each other, but often leads to oligomerization in solution, leading to a disordered
structure.131

Figure 2.1: Silanization mechanism.
Many reaction parameters play a role in the outcome of the layer structure and the attachment kinetics.
The amount of water has a crucial role in these steps. Too much water will cause polymerization of
organosilanes in solution and aggregation on the surface, leading to disordered layers (Figure 2.2e). On
the other hand, too little water will lead to incomplete monolayers. Thus, this crucial parameter in the
first step will influence all other steps and the quality of the monolayer.132–134 The choice of solvent,135,136
silane concentration, reaction time,136 the length of aliphatic chains,134 reaction temperature,134,137 and
curing conditions138,139 also have an impact on the quality of the produced layers and should be carefully
optimized.
Often-used aminosilanes have a very reactive basic amine head group which self-catalyzes the
hydrolysis reaction, promoting a more aggressive monolayer formation (Figure 2.2e and f).140–142 The
amine group and other polar head groups may also form hydrogen bonds with silanol groups coming
from the surface, from other silane molecules in solution, or with other amine heads (Figure 2.2c and
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f).140,141 In atmospheric conditions, the amine group may also react with CO 2 from the air (Figure 2.2d),
which upon reduction converts to imine (Figure 2.2b).143

Figure 2.2: Scheme of aminosilanes layer and possible interactions within.
Trifunctional alkoxysilanes will form only one or two bonds with the surface of other deposited
molecules. The third group will most likely stay loose either in hydrolyzed form or as an alkoxy
group.144 Thermal curing of the layers promotes the formation of the siloxane network by bonding
together these loose groups with each other or the remaining Si-OH groups on the surface, thus
strengthening the siloxane network.138,139 The heat also converts protonated and hydrogen-bonded amine
groups in their free base form (Figure 2.2a), thus increasing the number of functionalities on the
surface.139,145
2.1.3

Electrografting of diazonium species

Electrochemical deposition or electrografting uses electricity to drive the redox-based surface grafting
of a selected material. Electrochemical surface reactions are much faster than chemical reactions and
are completed in a matter of seconds. A substrate is used as an electrode (usually a cathode) placed in
an electrochemical cell and in contact with an electrolyte solution of a material one wishes to deposit.
Electrografting is easy to control and reproduce. This method uses a cathodic current, providing an
electron-rich surface which can exclude oxidation and hydrolysis of the surface. Thus, one can produce
a hybrid material modified exclusively with the chosen organic molecule. The electrografting process
can be monitored in situ by monitoring the changes in the intensity of spectroscopic labels with IR
ellipsometry.
Electrografting of aryldiazonium salts is a powerful technique to covalently attach organic material on
metals and semiconductors.146 Consistent literature reports all point towards an established covalent
bond when using this approach as well as the stability of the created structures.147–150 Electrografting of
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aryldiazonium species usually takes place in an aprotic solvent or acidic aqueous medium.151 The aryl
moiety bears a diazonium species on one side and a reactive R group in para- position for further surface
modification. The resulting aryl films show stability in a range of treatments, including sonication in
solvents, boiling in chloroform, boiling in water, etching with fluoride and hydroxides.151,152
The mechanism of aryldiazonium deposition (Figure 2.3) proceeds with a one-electron transfer from
the surface to the molecule, leading to a homolytic dediazonation of a diazonium cation. 153 The
diazonium cation (-N2+) is electrophilic and, during the reduction of the salt, releases a stable leaving
group (N2). One aryl radical plucks a hydride radical from the H-terminated surface, leaving a dangling
bond, while the other reacts with a dangling bond on the surface. The aryl radicals also may react with
each other in solution.
Aryl radicals also proceed to react with the already deposited molecules towards a formation of a
multilayer.154–157 The kinetics of a multilayer growth depend on the electron-withdrawing and steric
properties of para-substituents.158,159 Larger substituents like maleimido- and carboxyl- groups in paraposition produce thinner layers (1.5-3 monolayers) than a smaller nitro group (15 monolayers under the
same conditions).158

Figure 2.3: Electrografting mechanism. Adapted from Ref.151 with permission
from The Royal Society of Chemistry.
The electronic activation/deactivation properties of a substituent group greatly influence the
mechanism, and therefore, the formation of multilayers. The strongly electron-withdrawing substituents
favor the radical mechanism of a multilayer growth, while the less electron-withdrawing groups (i.e.,
carboxyl) can additionally activate secondary mechanisms like electrophilic aromatic substitution
mechanism by diazonium ion or the dediazoniated carbocation.153,159–161 Neutral and activating groups
can be grafted by secondary mechanisms. 159 The choice of solvent also influences the film growth.158,159
Furthermore, when the substituents are in the meta- position, only a monolayer is formed.157 When the
substituents are in the ortho- position, the multilayer formation proceeds only when the substituents are
small.162
The deposition of aryl diazonium species may also proceed without the use of electricity. Instead, the
reaction may be initiated photochemically, chemically, ultrasonically, or thermally. Cao et al. give an
excellent overview of research done on the electroless deposition. 146
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2.2 SURFACE ANALYSIS METHODS
2.2.1

Infrared spectroscopic ellipsometry (IRSE)

Ellipsometry is a powerful non-destructive, contact-free spectroscopic technique for thin film analysis.
The sensitivity of the technique allows the detection of ultrathin films with thicknesses as little as a few
nanometres. In ellipsometry, a change of the polarization of light reflected from the surface of the thin
film is measured as a function of wavelength and angle of incidence. The name “ellipsometry” comes
from the elliptically polarized reflected light, which is used to obtain information about the interface.
The experiments measure two ellipsometric parameters, Ψ and Δ, where tanΨ is the amplitude ratio
between the s- and p-polarized components of the reflected light, and Δ is their phase difference.163 The
ellipsometric parameters are measured as the ratio of the complex reflection coefficients for parallel, rp,
and perpendicular light polarization, rs with respect to the plane of incidence:
𝑟𝑝
𝑟𝑠

= tan Ψ 𝑒 𝑖Δ

(2-1)

With these two parameters and by applying the Fresnel equations, one can define the optical constants
n (refractive index) and k (absorption index), as well as information on surface roughness, crystallinity,
anisotropy, or dielectric function.163 With optical modeling, it is possible to determine the film thickness
down to a sub-monolayer.164

Figure 2.4: Scheme of a simple ellipsometric setup.
In Figure 2.4, the scheme of an ellipsometric measurement setup is presented. The beam of light passes
from a source through a polarizer onto the sample and is there reflected. Then, the beam passes through
another polarizer and falls onto the detector.
IR ellipsometric spectra give information on the thin film structure by identifying the vibrational bands
of functional groups and interactions between molecules (i.e., hydrogen bonding), as well as how the
sample interacts with the environment (liquid or air). 163,165
If the organic layers are very thin, their IR signature bands will be small and might overlap with the
bulk substrate bands. To cancel out the bands coming from the substrate, the ratio of tanψ spectra of the
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organic layer and the uncoated substrate is used for the thin film spectra interpretation. All spectra in
this work are also normalized unless otherwise stated.
2.2.2

In situ ellipsometry

In situ ellipsometry is used for real-time monitoring of processes taking place at the solid-liquid
interface by recording the spectral signature of the interface over time.166 The schematic of in situ cell
for ellipsometric measurements is shown in Figure 2.5. With the in situ monitoring, it is possible to
evaluate film growth, interactions with the liquid, or adsorption processes of molecules.166–169
The in situ ellipsometry cell is a specially designed flow cell or an electrochemical cell. The cell is
connected to a pump that pumps in and out the reactant solution. The cell consists of a frame, lined on
one side with a quartz window, while on the other, the substrate is mounted (the IR-transparent silicon
wedge) with the side-to-be-functionalized turned towards the inside of a cell. The outer side of the
wedge is cut under a 1.5° angle to induce a divergence between the outer and inner reflex of the wedge.
The detector is aligned to capture the reflection from the solid/liquid interface. Additionally, such wedge
shape minimizes the interferences caused by multiple reflections between the silicon surfaces are
minimized.170 Finally, this setup also minimizes the contribution from a solvent, as spectra of a beam
going through the substrate are recorded. The penetration depth of IR light in such a setup (in water) is
only a few micrometers.170
In a flow cell, spectra are collected regularly after allowing a specific reaction time. In an
electrochemical cell, spectra are collected after applied electricity. All spectra are collected at the 50°
angle of incidence.

Figure 2.5: A schematic cross-section of an in situ cell.
2.2.3

X-ray photoelectron spectroscopy (XPS)

X-ray photoemission spectroscopy is a surface analysis technique based on the photoemission phenomenon in which the absorption of a photon by a material takes place, followed by the immediate emission
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of a (photo)electron into vacuum.171 The technique is used to determine the binding energies of an electron by measuring the energy spectrum and photoelectron yield, often as a function of photon energy.
Because of the high-energy X-rays, the electrons that end up being ejected are the core electrons. Their
bandwidths are very narrow, so each level may be approximated as having single energy, Ecore.171 The
kinetic energy of the emitted electron, EK, is
𝐸𝐾 = ℎ𝜈 − 𝐸𝑐𝑜𝑟𝑒 − 𝜑

(2-2)

where hν is the energy of a photon and φ is a work function.171
Thus, for a given incoming photon of an energy hν, there will be a sharp peak in the energy distribution
curve (h = Planck constant, ν = frequency). The exact value of the Ecore is sensitive to the distribution
of valence electrons surrounding the core. The core electron may only be photoionized if it has enough
energy to exit the atom by passing through the valence shells.
In solid materials, the electron path is limited to a few nanometers depth from the material surface
because the inelastic scattering events also contribute to the photoemission process. The inelastic mean
free path (IMFP) is the distance which an electron will, on average, travel through a solid before losing
its energy. Thus, the XPS analysis enables the study of surface atoms. In the XPS spectra, chemical
shifts of surface chemical species and their respective core levels are observed. In the studies of organic
materials on inorganic substrates, the information on the chemical structure of organic materials, the
interface between the layer and the substrate is gathered, and the layer thickness can be estimated.
In this work, XPS was used to acquire information on the nature of bonding between porphyrin and
organosilane layers on the silicon surface, i.e., the identification of an amide bond. Besides the product
layers, additional spectra of pure samples of (3-aminopropyl)trimethoxysilane (APTMS), CTPPS, and
N-hydroxysuccinimide (NHS) were collected to obtain a fuller picture of the system.
2.2.4

IR reflection spectroscopy

In IR reflection spectroscopy, the intensity of the reflected IR light at the interface is used for surface
characterization. In this work, IR reflection spectroscopy is used as a support to ellipsometric
measurements. Because ellipsometry is such a sensitive technique, it detects the vibrational signature
of a bulk substrate, the interpretation of ellipsometric spectra might sometimes be confusing and
ambiguous, especially with the ultra-thin films. With IR reflection spectroscopy, it is not possible to
detect the vibrational signature of the substrate, as it does not use polarized light. Therefore, even though
it is less sensitive than ellipsometry, this technique might provide valuable information about structures
of the organic material on the surface, which would otherwise be missed.
2.2.5

Surface-enhanced IR absorption (SEIRA)

Surface-enhanced infrared absorption is a highly sensitive technique based on a phenomenon of
molecular infrared signals being increased in the proximity of metal island structures as a result of
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collective electron resonances. In this work, a gold gradient is deposited on the prepared porphyrin thin
film and then analyzed with IR microscopy to support the findings acquired with IR ellipsometry.
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3 EXPERIMENTAL DETAILS
3.1 SAMPLE PREPARATION
3.1.1

Materials
Table 3.1: List of chemicals and materials used in this work.
Chemicals and materials

Ethanol

Specification

Vendor

absolute, ≥99,8%

Sigma-Aldrich

(3-aminopropyl)trimethoxysilane (APTMS)

Sigma-Aldrich

H2SO4

95-98%

Sigma-Aldrich

H2O2

30 wt% in H2O

Sigma-Aldrich

≥99%

Sigma-Aldrich

N-Ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ)
Dimethylsulfoxide (DMSO)

Merck

Acetonitrile (ACN)

Merck

p-Nitrobenzoic acid (NBA)

Fluka

Hydrofluoric acid (HF)

10%

Bernd Kraft

5-(4-carboxyphenyl)-10,15,20-(triphenyl)porphyrin (CTPP)

PorphyChem

5-(4-carboxyphenyl succinimide ester)10,15,20-(triphenyl)porphyrin (CTPPS)

PorphyChem

Silicon(111) wafer
DI water
Maleimidophenyldiazonium tetrafluoroborate (p-MPDS)

p-boron type, ~0.1 Ωcm

MaTeck

18.2 MΩ ultrapure (Type I) at 25°C
Synthesized and purified at
Fraunhofer-Institut für
Angewandete Polymerforschung

Tetrabutylammonium tetrafluoroborate
(Bu4NBF4)

Sigma-Aldrich

Mercaptobenzonitrile (MBN)

Synchem

Dimethylformamide (DMF)

Sigma-Aldrich

3.1.2
3.1.2.1

Preparation of APTMS-modified substrates
In situ deposition of APTMS in a flow cell

A solution of 2% APTMS in EtOH was prepared. Si(111) wedge was cleaned by ultrasonication in
EtOH for 15 minutes and then oxidized in the piranha (1:1) solution for 20 minutes. Oxidized wedge
was mounted on a flow cell and introduced into an ellipsometric chamber. The flow cell was connected
to a pump. The system was purged for 1 h with dry air, and then the APTMS solution was pumped into
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a cell. Spectra are collected after the first hour, and 15 and 16 hours. After 17 hours, the solution was
pumped out. The cell was flushed with EtOH and then purged with dry air. The flow cell was taken out
of the chamber, and the wedge was unmounted from the cell. The wedge was ultrasonically cleaned for
10 minutes.
3.1.2.2

Deposition of APTMS on oxidized silicon

Si(111) wedge was cleaned by ultrasonication in EtOH, etched in 1% HF, and then oxidized in piranha
(1:1) solution. The oxidized substrate was dipped in a 2% APTMS solution overnight. The substrate
was then taken out, washed in a copious amount of water, ultrasonicated in EtOH, and then baked at
110°C for 30 min.
3.1.3
3.1.3.1

Modification of the substrate with NBA
Immobilization of NBA with EEDQ as an activator on an APTMS-modified silicon substrate

A solution of the NBA in ACN was prepared (1.1 mM) and mixed with EEDQ (3.1 mM) for one hour.
An APTMS-covered Si substrate was immersed in a solution for five days. As a post-modification
workup, the substrate was ultrasonically cleaned two times for 5 minutes each time in a fresh solvent
(ACN).
3.1.3.2

In situ deposition of NBA in a flow cell

The APTMS-covered Si(111) wedge was mounted on a flow cell and introduced into an ellipsometric
chamber. The flow cell was connected to a pump. The system was purged for 1 h with dry air. A solution
of the NBA in ACN was prepared (0.5 mM). An activator, EEDQ, was added to an NBA solution in
surplus (0.9 mM), and the mixture was stirred for 1 h. The solution was pumped into a flow cell, and
spectra are collected for the first 3 hours. The flow cell with a solution was left mounted over the
weekend. Spectra are collected again, after which the solution was pumped out, the cell was rinsed with
ACN, and purged in dry air. The wedge was ultrasonically cleaned for 6 min in ACN.
3.1.4
3.1.4.1

Deposition of porphyrins on the APTMS-modified substrate
Immobilization of CTPP with EEDQ as an activator through LbL deposition

A solution of CTPP in DMF (0.3 mM) was prepared with EEDQ in a surplus (4 mM). The solution was
mixed for 1 h before dipping in the APTMS-modified substrate. The substrate was dipped for five days.
The samples are ultrasonically cleaned two times for 5 min, each time in fresh ACN.
3.1.4.2

Immobilization of CTPPS through LbL deposition

A solution of CTPPS in DMSO (0.7 mM) was prepared. The APTMS-modified substrate was dipped in
solution for two days. The samples are ultrasonically cleaned for 2 min in DI water.
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3.1.4.3

Solution reaction of CTTPS and APTMS

A solution of CTPPS in DMSO (1.1 mM) was prepared. APTMS (1.15 mM) was added to the mixture
and stirred. Drops of product mixture are deposited on a substrate and let dry.
3.1.4.4

Solution reaction of CTTPS and APTMS and bonding to the oxidized Si substrate

A solution of CTPPS (1 mM) and APTMS (1.15 mM) in DMSO was stirred for 3.5 h. To the mixture,
10 μL of water was added. An oxidized substrate was immersed in a solution and left over the weekend.
As a test of the film adherence to the surface, the substrate was ultrasonicated in various solvents (water,
DMSO, EtOH, iPrOH, and acetone) and etched for 2 minutes in 10% HF solution. As a control, the
experiment was repeated with the Si substrate covered with the native oxide.
3.1.4.5

In situ deposition of CTTPS+APTMS

A solution of CTPPS in DMSO (0.56 mM) was prepared. The solution was mixed for 1 h. APTMS
(0.69 mM) was added to the solution, and the mixing was continued for 2 h. Then, 0.01% of water was
added to the solution. Oxidized Si(111) wedge was mounted on a flow cell and introduced into an ellipsometric chamber. The flow cell was connected to a pump. The system was purged for 1 h with dry
air, and then the CTPPS+APTMS solution was pumped into a cell. Spectra are collected for the first 4
h, and from 16th to 23rd hour. After the solution was pumped out, the cell was flushed with iPrOH and
then purged in dry air. The sample was ultrasonically cleaned for 2 min in water and additionally washed
with iPrOH and water.
3.1.5
3.1.5.1

Electrografting of diazonium salt substances
Deposition of p-MPDS

Solutions for all p-MPDS depositions, both electrochemical and electroless, are prepared in the same
way. MPDS was dissolved in ACN (2 mM), and Bu4NBF4 (0.1 M) was added as an electrolyte. MPDS
was deposited on H-terminated Si(111) wedge. The H-termination is achieved in the following way: the
substrate was ultrasonicated in an organic solvent (acetone or EtOH), oxidized in piranha (2:1) solution.
The oxide layer was finally removed with the dipping of the substrate in a 10% HF solution. The substrate was washed in ACN, water, and iPrOH to remove loosely attached molecules.
3.1.5.2

Thiol deposition

A solution of MBN in EtOH (10 mM) was prepared. The p-MP-covered Si substrate was ultrasonically
cleaned in water, ACN, and iPrOH before dipping into the MBN solution. The substrate was left in the
solution for two days.
3.1.5.3

In situ thiol deposition

A solution of MBN in EtOH (2.2 mM) was prepared and pumped into a flow cell with an already
mounted p-MP-modified Si(111) wedge. The solution was left overnight with measurements performed
every hour for 7 h and after 23 and 24 h. The solution was then pumped out, and the flow cell was
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washed with DI water and purged with dry air. The wedge was unmounted and was ultrasonically
cleaned in water and ethanol.

3.2 INSTRUMENTAL ANALYSIS
3.2.1

IR reflection and ellipsometric spectroscopy

IR ellipsometric measurements were performed in a photometric ellipsometer chamber attached to a
TENSOR 37 (Bruker) FTIR spectrometer, while the reflection measurements were performed inside
TENSOR 37 spectrometer. The spectra were collected with a 4 cm-1 resolution using a mercury cadmium
telluride (MCT) detector. All spectra were collected at a 65° angle of incidence. To reduce the contributions of H2O and CO2 in spectra, the chamber with the mounted sample was purged for 0.5-1 h with
dry air before the measurement.
3.2.2

In situ IR ellipsometry

For in situ measurements, a flow cell was mounted in the ellipsometric chamber attached to a pump.
For electrochemical deposition, the flow cell was connected into a circuit. The potential is measured
between a working and counter electrodes in a three-electrode system (working electrode (WE), counter
electrode (CE), reference electrode (RE)) connected to a potentiostat. The redox reaction takes place at
the WE (Si wedge) by electron transfer from the electrode to the analyte (aryldiazonium species). The
CE must have a known potential, and its job is to balance the current observed at WE. The RE (Pt wire)
acts as a reference in measuring and controlling of WE potential and in itself does not pass the current.
3.2.3

SEIRA

The CTPPS+APTMS samples were covered with a gold gradient and analyzed with IR microscopy
(Bruker Hyperion 3000 IR-Microscope). The gold gradient was deposited by electron beam slow thermal evaporation for 15 min.
3.2.4

XPS

Spectra were recorded at room temperature, using non-monochromatized Al Kα (1486.6 eV) excitation
and a hemispherical analyzer (Phoibos 150, SPECS). The binding energy (BE) scale was calibrated by
the standard Au4f7/2 and Cu2p3/2 procedure. All spectra are shown without any binding energy corrections. To calculate the elemental composition, theoretical cross-sections from Yeh and Lindau were
used.172
To remove the background coming from the inelastic electron scattering, the Shirley background subtraction method is used.173 The Shirley background subtraction method assumes that the background
arises from the scattering of electrons of higher kinetic energy at any point of measurement. From this
assumption stems that the background is proportional to the integrated area above the higher kinetic
energy side of the peak.
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4 SURFACE MODIFICATION WITH APTMS
In this work, APTMS is used to introduce amine functionality to the surface and use them to
immobilize porphyrin derivatives.

4.1 DEPOSITION FROM SOLVENT
APTMS is deposited from the EtOH solution on the oxidized silicon surface. In Figure 4.1.a, an IR
spectrum of bulk APTMS film is presented. The bulk spectrum points to the specific vibrational bands
important for the identification of the material. Aissaoui et al. describe the APTMS spectra on oxidized
silicon in detail.174 Briefly, the two most important bands for the identification of APTMS are the band
at ~1578 cm-1 belonging to an NH2 scissor vibration, and the band at ~1150 cm-1 belonging to the LO
stretching in the organosilane layer. These bands are clearly distinguishable in the spectrum of bulk
APTMS. In the thin film spectrum, the amine vibrational bands are often weak or invisible. In Figure
4.1.b, a spectrum of one such film is presented. The NH2 scissor vibration band is low in intensity and
overlaps with another band at ~1597 cm-1 and is ascribed to N-H bending mode of the NH2 group, which
is hydrogen-bonded to silanol groups (Si-O-H---NH2-).175

Figure 4.1: IR ellipsometry spectra of a) bulk APTMS on Si (physisorbed) b)
thin APTMS film (chemisorbed).
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However, some conflicting information has been found in the literature regarding this band assignment.
Kim et al. claim that the band found at ~1575 cm -1 belongs to the stated hydrogen bond (Si-O-H--NH2-), while the neutral amine band is found at ~1550 cm -1 after curing of the films.139 While both
groups had similar methods of deposition, Kim et al. have nevertheless dedicated 24 h to the curing of
the films, while Aissaoui et al. cured the films for only 2 hours, allowing more time for structural
changes caused by heat and breaking of hydrogen bonds. 139,174 These conflicting findings imply the shift
of the amine band in 1600-1550 cm-1 area with different amounts of hydrogen bonding within the film
structure. Repeated measurements in this work have shown that the results are in agreement with
Aissaoui et al., implying hydrogen bonding between APTMS molecules and a portion of amine groups
being in a protonated form.

4.2 IN SITU DEPOSITION
The deposition of APTMS is investigated with in situ ellipsometry for the first time. The oxidized silicon
wedge was mounted on a flow cell, and the solution of APTMS in EtOH was pumped in. The changes
in the spectra over 20 hours of deposition are presented in Figure 4.2. The development of the Si-O
band at ~1150 cm-1 is the most apparent change in the spectra, indicating a successful integration of
APTMS siloxane onto the native oxide structure. The C=O band at 1740 cm-1 has also developed but is
removed after ultrasonication in the solvent after the deposition (Figure 4.3). Most of the other bands
come from the solvent and are no longer present after the substrate is unmounted from the cell and
ultrasonicated in the solvent. Since the amine group is weakly absorbing, this area in the in situ spectra
is unchanged.

Figure 4.2: In situ spectra of APTMS after 0 h, 1h, 4 h, and 20 h of deposition.
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The amine band is, however, present in the ex situ spectrum of the same substrate, and after 10 min of
ultrasonication (Figure 4.3). In this area, an assemble of unassigned structures with peaks at 1592 cm -1,
1581 cm-1, and 1569 cm-1, and shoulders at 1600 cm-1 and 1554 cm-1 is observed, indicating a significant
contribution of hydrogen bonding in the thin film structure. The sample was not thermally cured.
The asymmetrical and symmetrical stretching of CH 2 groups originating from the propyl chains are
present at 2933 cm-1 and 2865 cm-1, respectively,137 while there are no contributions from CH3 groups
originating from methoxy- (-OCH3) groups (area above 2950 cm-1). The lack of CH3 vibrations, together
with a sharp peak at ~1150 cm-1 coming from the organosiloxane network, indicates successful
chemisorption of APTMS on the substrate.
The two peaks at ~1650 cm-1 and ~1500 cm-1 are assigned tentatively to silicon surface vibrations. They
appear only in the spectra of very thin films. Milekhin et al. describe a peak at 1620 cm-1 as being related
to multiphonon processes in silicon dioxide coming from the native oxide layer grown at the surface of
the sample after annealing and is assigned as 2TO 2 mode.176 The calculated peak frequency of this mode
is 1632 cm-1. On the other hand, the band at 1650 cm-1 might arise from water molecules trapped in a
silane layer,177 while the band at 1500 cm-1 is a non-specific band which might also come from
hydrocarbon species, i.e., propyl chain or contamination. Alternatively, these bands might be some
effect from the detector.

Figure 4.3: APTMS thin film spectrum after in situ deposition and ultrasonication in a solvent.
In summary, it was demonstrated that the growth of APTMS films can be monitored in situ. Further
research is needed to clarify the issues regarding the position of the amine band, i.e., the influence of
hydrogen bonding and the length of thermal curing on the position of the band. In research on some
other linker groups with amine functionality, it was demonstrated that the surface modification is
improved if the amine group was protected when introducing it to do surface. 48,49,58,64,65 Due to these
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findings, it would be worthwhile to research the quality of aminosilane-modified surfaces when the
amine group is protected before the deposition.
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5 SURFACE MODIFICATION WITH PORPHYRINS
Porphyrins on silicon have been structurally well-characterized with many different surface analysis
techniques.20–26,28,29,31,34,35,42,112,114 Furthermore, scientists have established that they retain their
interesting properties when deposited on silicon surface.8,11,32–35,41,116
When it comes to the immobilization of porphyrin using organosilanes deposited on silicon, halosilanes
are mostly used as a linker molecule.8,20,21,42–44 Halide functional groups (mostly Cl- and I-) are reactive
and readily undergo further reactions. However, in many cases, halides (especially chlorides) are too
reactive and not selective at all, possibly leading to a reaction with other molecules (i.e., solvent) and
not just the target molecule. Also, halide chemicals are not good for the environment. Therefore, using
organosilanes with other functionalities (like APTMS) for porphyrin immobilization should also be
investigated.
Alternatively, immobilizing porphyrins directly to the surface would be beneficial in creating
conductive hybrid silicon surfaces. This idea has been utilized in creating porphyrin-modified surfaces
in Lindsey and Bocian groups via hydrosilylation of alkenes,22,23,28–31,36–38,117,119,178 with triazine directly
attached to Si,114 or with OH-substituted porphyrins and oxidized silicon surface (Si-OH).39 Given that
the electrografting of diazonium salts has proven to be an efficient path for surface passivation with
organic molecules, it is worthwhile to explore it with porphyrins as well.

5.1 PROVING THE SURFACE FUNCTIONALIZATION (REACTION WITH P-NITROBENZOIC ACID)
To prove the surface modification with -NH2 groups and its ability to further react with other organic
materials, the functionality was briefly tested with the immobilization of nitrobenzoic acid (NBA). NBA
is used because it gives two easily identifiable spectral bands of appended nitro (NO2) group.
In Figure 5.1a, the spectrum of bulk NBA is presented, which shows NO2 bands at 1533 cm-1 and 1350
cm-1. They are easily identified in the spectrum of the deposited NBA on an amino-functionalized
surface (Figure 5.1b). The amide I and II bands are found at 1655 cm -1 and 1554 cm-1, indicating a
successful formation of a peptide bond. The C=O band at 1707 cm -1 in Figure 5.1a drastically diminishes
in Figure 5.1b, further supporting the evidence of an amide formation. Only small traces of the C=O
group are present, indicating loosely attached starting material.
The amide I band at 1655 cm-1 is broad and positioned in the area 1680-1620 cm-1 with shoulders at
~1670 cm-1and ~1640 cm-1, implying more bands overlapping each other (Figure 5.1b). The half-width
is 32 cm-1. This broad area shows up in all subsequent measurements and modifications with more
complex porphyrin structures and in different shapes, thus making the unambiguous identification of
amide I band a challenge.
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Figure 5.1: a) Spectrum of pure bulk NBA on Si; b) Spectrum of NBA+APTMS
thin film referenced to the APTMS-modified Si.
The coupling of the NBA with APTMS is also monitored with in situ ellipsometry. In Figure 5.2, we
see the spectra of NBA+APTMS thin film development over time. After 3 h reaction time, there is no
evidence of NBA attachment, except for the slight oxidation of the surface. However, after two days, a
change in the baseline is visible, and one can distinguish C=O, amide I, and NO2 bands. However,
signals remain somewhat weak, indicating a very thin film. Since it is not expected that NBA molecules
react with each other and form multilayers, it is probable that a monolayer formed. The peak intensity
is comparable with that of a maleimidophenyl monolayer on Si (Chapter 6.1). Being that NBA+APTMS
and maleimidophenyl are of similar dimensions and assuming a very thin APTMS layer below the NBA,
the peak intensity may relate to a monolayer.
In Figure 5.3a, ex situ tanψ spectra of Si surface, APTMS film on Si, and NBA+APTMS film from the
in situ experiment are presented. There are changes in the baseline in the Si-O-Si area (~1150 cm-1),
NO2 areas (1350 cm-1 and 1530 cm-1), and amide I area (~1660 cm-1). In Figure 5.3b, the same spectra
of APTMS film on Si and NBA+APTMS film on Si referenced to Si spectrum are presented, where we
can better see the changes in spectra before and after NBA deposition. Important note: in the APTMS
spectrum, H2O bands in the 2100-1200 cm-1 area are visible due to insufficient purging of the
ellipsometric chamber with dry air. Therefore, one should take special care in interpreting this area.
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Meanwhile, there is no significant presence of the C=O band in NBA+APTMS film, a strong indicator
that the NBA is present on the surface only through amide chemistry.

Figure 5.2: Spectra of in situ NBA deposition over time, referenced to a cell
with solvent (ACN).

Figure 5.3: a) Spectra of Si, APTMS on Si, and NBA+APTMS on Si; b) Spectra
of APTMS and NBA+APTMS thin films referenced to Si.
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The presented results demonstrate that the spectra from in situ and ex situ measurements are in
agreement with each other. The reproducibility of the results also points to APTMS being an adequate
choice as a linker molecule for further functionalization.

5.2 IMMOBILIZATION OF CTPPS ON AN APTMS-MODIFIED SURFACE (LBL APPROACH)
CTPPS is an activated form of CTPP, activated with NHS. In the reaction with APTMS, CTPPS and
CTPP give the same product, CTPP(S)+APTMS. Since CTPPS is already in its activated and pure
form, that means that its activation barrier is lowered, and it readily reacts with other reactants. Using
the pre-purchased activated form of the material eliminates an additional step of the in situ synthesis
and improves the yield.
5.2.1

IR ellipsometry

The reaction of CTPPS with APTMS in solution is successful and resulted in an almost completed
reaction, which can be seen in Figure 5.4a. After 30 min reaction time, a reaction solution is drop
deposited on the Si+SiOx surface. A sharp decrease of 1740 cm-1 and 1767 cm-1 C=O bands is evident
after the reaction with the APTMS (Figure 5.4a, dark blue curve) as compared to a starting material
(light blue curve). The structure of CTPPS (Figure 1.3) has three inequivalent C=O bands. This might
explain the spectrum of pure CTPPS compound (Figure 5.4a, light blue curve), which has two C=O
bands at 1767 cm-1 and 1740 cm-1 and a shoulder at ~1720 cm-1.
After the reaction, only a small band at ~1720 cm-1 remained, possibly indicating the minute presence
of a starting material. In the product spectrum (Figure 5.4a, dark blue curve), an appearance of
overlapping 1662 cm-1 and 1649 cm-1 bands in the amide I region and a 1535 cm-1 band in the amide II
region is observed, thus confirming the successful reaction. For more details, in Figure S5.1, the spectra
of all starting materials and products are presented.
The reaction is then transferred to a silicon surface. APTMS is immobilized chemically, and CTPPS is
added by LbL deposition. In Figure 5.4b, one observes the C=O bands of an unreacted physisorbed
CTPPS, but also there are new bands in the amide region, as well as amine band at 1575 cm-1, indicating
a partial reaction. Considering that the reaction time is two days, the results point to much slower
reaction times than the same reaction in solution.
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Figure 5.4: a) Spectra of pure CTPPS and CTPPS+APTMS product in solution
(DMF); b) Spectra of APTMS and CTPPS+APTMS thin films deposited by LbL
deposition.
5.2.2

SEIRA

The sample is also probed with SEIRA. In Figure 5.5, the SEIRA spectrum of APTMS indicates that
any contribution coming from this material will be weak. Thus, the change in spectra from CTPPS
(Figure 5.5a) to CTPPS+APTMS (Figure 5.5b) is attributed to the formation of amide bonds.
The carbonyl, the amide I, and the ring vibration areas are changed in such a way that the entire 17501500 cm-1 area looks like one broad band (Figure 5.5b), suggesting an overlap of multiple bands,
indicating a change in the structure. Two shoulders are observed at 1714 cm-1 and 1658 cm-1, indicating
C=O and amide I bands, respectively, signaling the presence of both unreacted and reacted CTPPS in
support of ellipsometric measurements. The carbonyl peak at ~1710 cm -1 decreases in size while amide
I and ring bands seem to increase, which would correspond to the formation of an amide bond and
increased presence of CTPPS molecules in general, respectively, since every CTPPS molecule has four
benzene rings and a core =CH- skeletal structure (Figure 1.3).
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Figure 5.5: SEIRA spectra of a) CTTPS, b) CTPPS+APTMS, c) APTMS.
5.2.3

XPS

It is well known for aminosilanes, that surface amine groups oxidize in contact with air 145 or otherwise
interact inter- and intramolecularly.140 XPS measurements of the sample also confirm this.
The XPS ray photoelectron spectroscopy was used to evaluate the composition of the materials on the
silicon surface, and to assess the chemical state of the contributing species. Table 5.1 shows the
quantitative information, whereas Figure 5.6 depicts the main core levels.
Survey spectra (not shown) reveal only the expected Si, O, N, and C species, with no contribution from
any other elements. The elements of interest all have low photoionization cross-sections at their
characteristic core levels; thus, their spectrum intensity is in general low. This is especially problematic
at the N1s spectra, as the amount of N in the samples is low. This is especially true for the NHS sample.
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Table 5.1: Surface near-molar ratios according to XPS.
APTMS

NHS

CTPPS

CTPPS+APTMS

N/C

0.095

0.072

0.092

0.085

C/Si

0.25

0.086

0.17

0.58

N/Si

0.024

0.006

0.016

0.049

O/Si

0.38

0.36

0.36

0.39

O/Si(ox.)a

2.75

2.9

2.84

2.5

a

: Si2p was fitted to extract the portion of oxidized Si

The N/C elemental ratios are always smaller than those expected based on the stoichiometry of the entity
intended to deposit onto the Si surface. This is, however, most probably because all materials contain
some carbonaceous deposits on the surface. The best agreement in the N/C ratio is for the sample
CTPPS+APTMS (0.085 vs. the stoichiometric 0.104).
Based on the C/Si and N/Si values, the least amount of organic molecules were deposited in NHS,
followed by CTPPS. APTMS attachment seems to be more successful compared to NHS and CTPPS,
which makes sense with its silicon chemistry. In the target reaction, after attaching APTMS to the
surface, CTPPS can be linked to the amine group. In this sample (CTTPS+APTMS), the largest amount
of C and N was observed. This is the first indication that CTPPS indeed attaches to APTMS.
The Si2p spectrum shows the strong elemental Si peak at ~99.55 eV. The native oxide peak is positioned
at ~103.4 eV, except that of CTPPS+APTMS, which is shifted to 103 eV. Fitting also suggests a peak
at ~101.3 eV, which can be related to some Si-suboxide.
There is some variation in the O1s peak binding energy (532.6-532.8 eV), but this energy fits well with
oxidized Si. Nevertheless, when the amount of oxygen observed (O1s) is related to the amount of oxidized Si (Si2p), the values are higher than 2, suggesting the presence of some other oxygen species on
the surface. This is probably the presence of water and organic contamination, except for APTMS,
which also contains oxygen.
In general, the samples appeared to be not overly beam-sensitive, as N1s and C1s spectra were reasonably reproduced over time.
The N1s spectra were analyzed assuming only 4 N species, even though the possibility of more N species involved cannot be ruled out.
APTMS should have only one type of N1s species (amine), but the spectrum clearly indicates two species. The peak at ~400.3 eV is related to the amine group. 179 The second peak is situated at higher
binding energy (402.3 eV), which can be assigned to some oxidized N functional group. 179
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Figure 5.6: The main core-level regions of the samples after Shirley
background subtraction and intensity normalization. C1s spectra are also
shown without normalization (the thin line is a second spectrum recorded
some time later). All binding energies are shown as collected.
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Even though the NHS spectrum is mostly noise, the largest contribution appears to be at a similar high
binding energy (402.7 eV), which is assumed to be related to the intended hydroxysuccinimide. Nevertheless, there is some lower binding energy N1s contribution in this sample, too, indicating the presence
of some reduced N functional groups.
CTPPS should contain three different types of N: a non-protonated (397.8 eV) and a protonated N in
the porphyrin structure (399.8 eV), as well an oxidized N of the imide (402.4 eV). Ideally, the ratio of
the protonated and non-protonated N in the porphyrin structure is 1. Furthermore, the main N1s line at
~400 eV seems to be asymmetric. Thus, four peaks were used in the fitting, with the constraint of two
equally sized peaks related to the porphyrin. The fitting results in ~21% oxidized N, ~2x28% N in the
porphyrin structure, and an additional 21% contribution, which might be some NH x species. If the ratio
of protonated and non-protonated N in the porphyrin structure is assumed to deviate from 1, and thus
all the ~400 eV peak can be related to the protonated N in the porphyrin, the ratio of oxidized N to
porphyrin N is 21/79, that is close to the expected 1:4.
In the N1s spectrum of CTPPS+APTMS, a ~13% oxidized N (402.4 eV) is observed. As this peak also
appears in the APTMS spectrum, it is possible that some part of amino groups oxidizes and then it
remains on the surface as a spectator. This proposition corresponds well with the general scheme of
APTMS layers being protonated and interconnected with hydrogen bonding, as described in Chapter
2.1.2. That is, this part will not react with CTPPS. Alternatively, this oxidized peak can be unreacted
imide functional groups from CTPPS. Furthermore, two similar lower binding energy peaks as in
CTPPS are present, but the binding energies are slightly different. The peak of non-protonated (398.3
eV) and protonated (400.1 eV) porphyrin are upshifted, suggesting some sort of modification. Note, the
magnitude of the binding energy shift of the protonated porphyrin N is difficult to estimate with high
certainty. This will depend upon the assumptions one makes in constraining the fit. Nevertheless, the
shift suggests some change in comparison to CTPPS. The porphyrin rings may interact with each other,
or with the substrate surface, depending on the actual geometry on the surface and the underlying
APTMS structure. The fitting result indicates that 22% of the total N of the sample belongs to the nonprotonated porphyrin N. Ideally, this should be 40%, and was 28% in CTPPS. Since in CTPPS+APTMS
it is only 22%, the oxidized species is assumed to come not from the unreacted CTPPS but rather the
oxidized APTMS.
The C1s spectra are displayed in both an unscaled and scaled way. As mentioned above, the samples
have much more C as compared to N, and hence some part of the C1s intensity is not related to the
targeted organic entity. Nevertheless, one can see that the binding energy of the main line shifts; the
lowest binding energy is found for CTPPS and CTPPS+APTMS, whereas the highest binding energy is
found for APTMS. This is related to the degree of hydrogenation of the carbon species. In APTMS, all
carbon atoms are fully hydrogenated, while in the porphyrin structure, all carbon atoms are
dehydrogenated (sp3 vs. sp2). NHS has a clear higher binding energy shoulder, which can be related to
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the carbonyl groups in the succinamide. Since the CTPPS+APTMS sample has the least intensity at the
C=O binding energy, there is probably no or very little unreacted CTPPS in that sample.
In conclusion, it is not certain that the CTPPS+APTMS sample contains only the targeted organic entity.
Rather, hints of unreacted APTMS, and/or oxidized APTMS are present. Furthermore, there is some
indication that the ratio of protonated and non-protonated porphyrin N is not unity, but is shifted towards
protonation.

5.3 IMMOBILIZATION OF CTTPS+APTMS DIRECTLY TO THE SURFACE (SI-OH)
An alternative synthetic approach to the LbL deposition is proposed. The reaction of CTPPS and
APTMS is allowed to take place in solution, followed by a product deposition on an oxidized silicon
surface (schemes of both methods of deposition are depicted in Figure 5.7). In this way, two unwanted
side-effects are avoided:
(i)

the degradation of thin film quality due to LbL deposition, and

(ii)

the loss of available surface amine groups due to oxidation or hydrogen bonding.

The spectra of such surfaces correspond to the spectra of the drop-deposited reactant from a previous
experiment (Figure 5.8a and b).

Figure 5.7: Scheme of a layer-by-layer deposition and direct deposition from
solution, as used in this work.
The blank experiment on non-oxidized silicon (Si+SiOx) is also performed. In both cases, the product
stays bound to the surface, even when the substrates undergo ultrasonic treatment in several different
solvents (water, DMSO, ethanol, isopropanol, and acetone). The spectra of both are shown in Figure
5.9. However, the sample on Si+SiOx shows the greater contribution of C=O bands than the sample
deposited on the Si-OH surface, indicating a greater presence of loosely attached material on the surface.
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The dark blue curve in Figure 5.9 depicts a CTPPS+APTMS film on Si-OH after a 1-minute etching in
10% HF. Despite these harsh conditions, the amide bands are still present, indicating strong adhering to
the surface.

Figure 5.8: Direct deposition of a product, CTPPS+APTMS, on Si (b) is spectrally similar to the spectrum of the product in solution (a).
The same deposition approach on oxidized silicon (Si-OH) was tried in situ. The in situ spectra in Figure
5.10 show physisorption in the first 4 h of the reaction.After leaving the cell with the solution and the
sample overnight, and pumping in a fresh solution in the morning, all of the material washed off the
substrate. There is no further film growth after this event. In the siloxane area, a reduction of the Si-OSi band at 1066 cm-1 over time is observed (the reduction is marked with the red arrow in Figure 5.10).
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Figure 5.9: Spectra of CTPPS+APTMS films deposited on oxidized (light blue
curve) and non-oxidized (orange curve) silicon substrate. The dark blue
curve is the spectrum of CTPPS+APTMS film on oxidized Si after 1-minute
etching in 10% HF.
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Figure 5.10: In situ spectra of CTPPS+APTMS deposition on Si-OH over time,
referenced to a cell with the solvent (DMSO).

5.4 IMMOBILIZATION OF CTPP ON AN APTMS-MODIFIED SURFACE
CTPP is a non-activated form of CTPPS. For the reaction to take place, the CTPP is activated in situ
with EEDQ.
The reaction of EEDQ-activated CTTP with APTMS to form an amide bond is tested in solution. EEDQ
is added to the CTTP solution in surplus amount with DMF as a solvent and is mixed for 1 hour before
adding APTMS. All reactants and products are prepared in solution, drop deposited on Au substrates,
and analyzed with IR reflection spectroscopy.

Figure 5.11: a) IR reflection spectra of CTPP+APTMS mixture without an activator (light blue curve) and CTPP+APTMS with EEDQ as an activator (dark
blue curve) in solution); b) Spectra of APTMS and CTPP+APTMS (activated
with EEDQ) thin films deposited via LbL technique.
Especially for the mixtures of CTPP and APTMS with and without EEDQ (dark and light blue curves
in Figure 5.11a, respectively), we see a development of amide peaks in 1680-1610 cm-1 and 1530-1500
cm-1 areas in the dark blue spectrum, assigned to amide I and amide II vibrations, respectively,
evidencing a more successful reaction with the help of an activator. Even so, unlike in the reaction of
CTPPS and APTMS, the contribution of C=O bands at ~1680 cm-1 from the starting material is still
significantly large. The slower or unfinished reaction probably comes from the fact that the EEDQ and
CTPP need to be mixed and allowed to react before the reaction with APTMS. This extra step presents
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a limitation in synthesis since more synthetic steps mean a lower yield of the final product. With CTPPS,
however, we already have an activated form of a starting material with a lower activation barrier and
ready to react with other reactants.
For a detailed picture, in Figure S5.2, the spectra of all starting materials and products are presented.
The solution experiment provided valuable insight into the identification of the vibrational bands of
reactants and products when converted on the surface (Figure 5.11). The silicon substrate is modified
with APTMS in a standard way and then dipped into a mixture of CTTP and surplus EEDQ in DMF for
five days. The peaks of vibrational bands are broad, but a change in the baseline is evident. A shoulder
of amide I band is present at ~1660 cm -1, while the amide II band is too weak to be clearly observed.
The presence of a physisorbed starting material is evident with bands at 1724 cm -1 and ~1685 cm-1.
In summary, two porphyrin derivatives, CTPP and CTPPS, are successfully attached to the APTMSmodified silicon substrate. Identification of the successful chemical bonding through the detection of
amide bands in IR spectra proved challenging. Already with the simple molecule like NBA, there are
multiple peaks in the amide I area, making the detection of amide band challenging, and this is even
more prominent with larger porphyrin molecules that have a more complex spectral signature
(especially on a monolayer level). Additionally, the in situ experiments of NBA binding to the APTMSmodified surface shows no observable attachment in the first 3 hours of deposition and a formed
monolayer after 48 hours.
It is observed that the amidation reaction happens much faster in solution than on the surface. Solution
reactions also indicate that the reaction of APTMS with the pre-activated porphyrin derivative (CTPPS)
has a higher yield than in situ activated porphyrin (CTPP activated with EEDQ).
The identification of amide bands in samples deposited by the LbL approach with IR ellipsometry and
reflectometry is challenging and ambiguous due to incomplete surface reactions and the complex IR
signature of porphyrin molecules. The XPS and SEIRA measurements of the same system contribute to
the identification of amide I bond by providing additional evidence of the amide group.
Another synthetic approach, where the product CTPPS+APTMS is prepared in solution and then
deposited on the oxidized Si substrate, is proposed. Such synthesis results in a strongly adhering thin
film with minimal contribution from unreacted molecules, resistant to ultrasonication in various solvents
and etching in 10% HF for at least one minute. The preliminary evidence on this synthetic approach
demonstrates that it is a good alternative to the LbL approach, avoiding the degradation of the surface
and the oxidation of amino groups on the surface and, thus, the unwanted surface species.
The findings contribute to a better understanding of porphyrin attachment to siliceous materials,
illuminate the necessary synthetic conditions for the successful attachment, and provide insight into the
kinetics of bulky molecules at the solvent/solid interface.
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6 SURFACE MODIFICATION WITH MALEIMIDE
Electrografting of p-MPDS on an H-terminated Si surface is a quick and reliable way to introduce
maleimide functionality to an electrode surface. Zhang et al. described a formation of a first
maleimidophenyl (p-MP) monolayer after 60 s at -2 V and proved the biosensing possibility of a
maleimide-modified surface,62 while Kanyong et al. measured the 50% grafting efficiency after the first
potential scan and determined the monolayer thickness. 63
However, a more in-depth look at the events happening at the surface during the formation of a first
monolayer is needed to construct more robust surfaces successfully. Here, we zoom-in on the surface
events taking place during the maleimide immobilization.

6.1 ELECTROGRAFTING OF P-MP: IN SITU IRSE STUDY
Figure 6.1 shows the ex situ p-MP spectrum after 10 s of electrochemical deposition at -2 V normalized
to a non-modified Si(111) surface. In Figure 6.1a, the tanΨ spectra of unmodified and modified Si
substrate are presented, accentuating the changes that take place after the p-MP deposition. As
anticipated, the spectrum is in agreement with the literature reports for maleimide deposited on the
surface. Briefly, the strong peak at 1734 cm-1 is attributed to vibrations of two C=O groups in the
maleimide ring. The peak at 1541 cm-1 is assigned to benzene ring vibrations, while the peak at 1385
cm-1 is assigned to Caryl-N bond.63

Figure 6.1: a) ex situ tanψ spectra of H-terminated Si(111) substrate and pMP thin film on a Si(111) substrate; b) tanψ spectra of p-MP thin film
normalized to H-terminated Si(111) substrate.
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When films are thicker (with more prolonged deposition), the C≡N, CH 2, and CH3 peaks also appear
around ~2300 cm-1, 2880 cm-1, and 2970 cm-1, respectively (Figure S6.5), which are generally assigned
to solvent molecules (ACN).63 Solvent molecules are easily removed with sonication.
According to the optical model developed by Kanyong et al., we can estimate the number of p-MP
monolayers from the C=O peak amplitude of the in situ measurement.63 An amplitude of ~8×10-4 relates
to ~3.5 monolayers. In the present experiment, the amplitude is about ~6×10 -4 after 600 s deposition at
-2 V, indicating the formation of roughly two monolayers.
The two Si-H peaks present in the Si(111)-H wedge spectrum, are no longer present in the p-MP
spectrum (Figure 6.1a). When the p-MP spectrum is normalized to that of a Si(111)-H wedge (Figure
6.1b), the peaks appear inverted, which is an indication of the loss of Si-H species at the surface, or they
are below the limit of detection.
Additionally, there is a development of siloxane peaks at 1184 cm -1, 1153 cm-1, and 1091 cm-1. Since
the cathodic current is used in anhydrous acetonitrile, there should be no oxidation of the surface. It is
found that purging the electrochemical cell with dry air for 2 h to remove atmospheric water before
pumping in of the solution in the cell contributes to the diminishing of siloxane peaks (Figure S6.2).
However, even with the purging, some of the oxide still develops (peaks at ~1090 cm-1 and 1070 cm-1
attributed to TO in Figure S6.2).180 Another possibility is that the oxidation happens due to a trace
amount of water or dissolved air bubbles in the p-MPDS solution. In the case of air bubbles, it would
help that the solution is bubbled with an inert gas such as N 2 to rid of any air molecules.
Etching of the samples with a 10% HF solution for 10 minutes removes entire oxide while the maleimide
layer is still present (Figure S6.3). This finding indicates a covalent bonding of p-MP to the surface,
with the oxide forming on top of the organic layer or in between the p-MP islands.
The samples also showed resistance to ultrasonic treatment in various solvents (water, ACN, i-PrOH),
with the solvents removing physisorbed molecules, indicating a robust binding of an underlying organic
layer to the surface (Figure S6.4). There is yet no direct way of confirming the formation of the Si-C
bond at the interface, but the experiments with etching in HF and ultrasonic treatment in solvents give
a significant indication of a stable, robust binding to the surface silicon atoms.

6.2 PULSE CHRONOAMPEROMETRIC DEPOSITION
In a typical electrochemical deposition at -2 V, most of the p-MP monolayer is deposited already after
the 30 s (Figure S6.6). A study was conducted to observe the film growth when short electric pulses are
applied to the system. In this experiment, ten 1-second pulses are applied to the electrochemical system.
In situ IRSE spectra are collected after each pulse. By monitoring the change in the amplitude of a C=O,
a formation of this band is already observed after 4 s (Figure 6.2). Across further six depositions, the
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C=O band becomes more prominent. The C=O band amplitude of ~2×10-4 suggests the formation of an
incomplete monolayer.

Figure 6.2: In situ spectra of the formation of a p-MP thin layer on a silicon
substrate is taken after each 1-second pulse.
In further experiments, the deposition times are dropped down to the millisecond level with capturing
of IRSE spectra between each deposition. At first, a 100 ms deposition is performed, and the spectra are
collected. An indication of a C=O band is immediately noticeable, but due to the S/N ratio of a baseline,
it could not be confirmed. Therefore, higher quality measurements are collected. After taking these
measurements, it is noticed that the film grew over time (the intensity of the bands changed) even though
the charge is no longer applied. In Figure 6.3, spectra are shown after the first measurement (which
lasted ~30 min), then the second (~1 h), and finally, the third measurement (~8 h). An intensity change
in the amplitude of a C=O band is clearly visible after each measurement. Furthermore, the intensity
change of the bands is not linear, as evidenced in Figure 6.3. Since the change in the spectra is rapid in
the first 1.5 h, it is concluded that the first measurement (after ~30 min) does not truly reflect the state
of the interface after 100 ms deposition. This finding also implies that due to fast film growth, it is not
possible to capture high-quality spectra of silicon interface after such short times with this
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instrumentation because due to the radical nature of the mechanism, the film growth cannot be paused
and collecting high-quality spectra takes time.

Figure 6.3: In situ spectra of the p-MP layer on a silicon substrate, taken after
a) 30 min, b) 1.5 h, c) 10 h since the deposition (t = 100 ms, V = -2 V).
In the next experiment, short electric millisecond pulses are applied with shorter IRSE measurements
(~10 min) after each deposition. In Figure 6.4, the spectra of millisecond depositions after 40 ms and
940 ms are shown (there are five pulses in total: 40 ms, 100 ms, 100 ms, 200 ms, and 500 ms). Finally,
after a total of 940 ms, a C=O band visibly emerges with an amplitude of ~0.8×10-4, proving the presence
of the maleimide material even when short pulses are applied, with sub-monolayer forming in less than
1 second of deposition. Overnight, the amplitude triples in intensity, reaching a monolayer thickness,
proving again that the reaction continues even without electricity.
This set of measurements also accentuates the limits of the instrumentation. In situ IRSE is a sensitive
and non-destructive technique for monitoring the film deposition by directly probing the vibrational
modes of organic molecules. Coupled with electrochemistry, this technique is a reliable way to prepare
functionalized surfaces. However, due to S/N ratio, there is a limit of detection of thin film spectroscopic
bands after millisecond-scale deposition when the film formation is independent of applied potential,
and the rate of film formation is too fast to obtain real-time spectra.
The rate of aryldiazonium salt deposition and the final layer thickness depend on the substituents on the
aryl moiety.158,181 Depending on the substituent, the rate of the deposition may be influenced by its
electron-withdrawing properties or its size, increasing with the greater electron-withdrawing character
of the substituent,181 while the bulky substituents limit the reactivity of the layers and result in thinner
multilayers.158 Maleimide is a bulky substituent, but also has two electron-withdrawing C=O groups in
its structure. In our measurements, longer deposition (t = 600 s) resulted in ~2.5 monolayers.
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Figure 6.4: In situ spectra of the p-MP on a silicon substrate after a) 40 ms, b)
940 ms deposition.
Even though an unwanted silicon oxide developed, the work-up with solvent wash and etching in HF
suggests that this does not necessarily present a problem since the oxide can be removed in its entirety
while still preserving some p-MP material on the surface. The unreacted sites can be, i.e., capped with
unreactive molecules or polymers. More research is needed on the reactivity of such surfaces. Especially
when binding large-area biomolecules, it is not necessary to have every surface site modified with
maleimide, since the goal is to bind biomolecules to the least possible number of attachment sites to
preserve their reactivity and specificity.
Eventually, immobilizing biomolecules like proteins or DNA can lead to the construction of biosensing
devices. Silicon presents an excellent alternative to gold and glass substrates in this regard since it is a
well-researched material and provides a route for easy integration in existing electronic devices. The
existing research suggests better sensitivity for covalently immobilized maleimides/biomolecules, 60 the
possibility of transferring the reaction to silicon nanostructures such as SiNWs,64 and their integration
into electronic devices,56 or the possibility of constructing DNA-field effect transistor devices by
immobilizing shape-restricted DNA through thioether bond on silicon. 49,50
The electrografting of maleimide functionality directly on the surface provides another alternative path
to existing modification strategies for creating a robust modified surface, while electrochemical
deposition presents a simple and reproducible method of deposition.

6.3 IN SITU ELECTROLESS DEPOSITION OF P-MPDS
The electroless deposition of p-MPDS is investigated in more detail by in situ ellipsometric
measurements in a flow cell with freshly prepared maleimide solution over the 24 h period during which
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no current is applied. The results are presented in Figure 6.5. There is an apparent increase of the C=O
signal, with the first sign of binding after 1.5 hours of reaction and reaching the plateau of the reaction
after 20 h. After 24 h of reaction, the height of the C=O band is ~2.8×10 -4, suggesting a monolayer
formation.
The electroless (or spontaneous) grafting has been reported earlier with various methods of deposition
(ultrasonic,182

photochemistry,183

microwave-induced,184

reducing

agents,185–187

reducing

substrates188,189, mechanical scribing190), and on various surfaces,115,182–184,188,189,191 including silicon.115
Since the electroless grafting was discovered, the mechanism of deposition is assumed to happen
through spontaneous electron transfer at the open circuit potential, followed by homolytic dediazonation
and the formation of an aryl radical. 115,151 To induce a spontaneous grafting, a reducing substrate
(metals) or a reducing agent are usually needed. That is why scientists find it curious that spontaneous
grafting also happens on gold and other non-reducing substrates. Berisha et al. propose an alternative
mechanism for spontaneous grafting of diazonium species on gold, involving a heterolytic
dediazonation, with the formation of a carbocation instead of a radical. 192 They used density functional
theory (DFT) calculations to support their experimental findings.
The DFT calculations of aryldiazonium species with a gold cluster in the water suggest that the
heterolytic cleavage of the Au-Ph bond is energetically disfavored. This implies that for the reverse
reaction, the driving force is greater than for the analogous radical reaction.
Heterolytic cleavage: Au-Ph → Ph+ + Au− (energetically disfavoured)
Cationic reaction: Ph+ + Au− → Au-Ph (energetically favoured)
Radical reaction: Ph• + Au → Au-Ph
In sum, the findings suggest that in the presence of both a carbocation and a radical, Au will react
preferentially with the carbocation.
Their experiments support the calculations.192 Two experiments are conducted under heterolytic (pH =
1) and homolytic (pH = 9) dediazonation conditions in water/alcohol mixtures. The results showed that,
under heterolytic conditions, the thin films indeed form on a gold surface. Furthermore, the heterolytic
dediazonation results in the formation of thinner films, presumably because carbocations are much less
reactive than radicals. Therefore, the carbocation mechanism is another possibility for surface grafting
of diazonium salts. However, other mechanisms of spontaneous grafting (without a radical) should also
be considered, i.e., the cleavage of the Ar-N bond or the diazohydroxide, Ar-N=N-OH, catalyzed by the
gold surface.
Their findings give mechanistic implications to the results within this project, where each electroless
deposition stops after the monolayer formation, wherein the case of an electrochemical (radical)
deposition, the reaction would proceed to the formation of multilayers.
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Figure 6.5: In situ spectra of electroless grafting of p-MP on a silicon substrate are taken over 24 h.
The findings in this work suggest another way of modifying Si with aryldiazonium salts when the goal
is a monolayer deposition. However, the stopping of the reaction at the monolayer level might be limited
to the choice of a para- substituent on an aryl ring. Menanteau et al. investigated secondary mechanisms
of film growth during the deposition of diazonium salts with different para- substituents.159 The
secondary mechanisms are the film growth through an electrophilic attack of aryl carbocation or
aryldiazonium cation on deposited phenyl rings. They found that the strongly electron-withdrawing
substituents drive only the radical mechanism. With the neutral or electron-activating groups, the
secondary mechanisms are plausible, and in fact, result in thick films. Mildly electron-withdrawing
groups (-COOH) drive the radical, as well as secondary mechanisms, the latter with the limited impact,
further supporting the findings of Berisha et al.
Control experiments with light and ultrasonic treatment as initiators of spontaneous grafting
Since it is described in the literature that the spontaneous grafting could be initiated with ultrasonic
treatment182 and visible light,183 two control experiments are conducted to explore this matter further.
In the first control experiment, an H-terminated Si(111) substrate is dipped in a solution of p-MPDS
overnight, with no access to light. The maleimide solution is prepared in ACN, using the ultrasonic
treatment for a few seconds to break down and dissolve solid p-MPDS (this procedure is done because,
in all our previous preparations of p-MPDS for in situ experiments, the p-MPDS would be ultrasonicated
in a solvent to speed up its dissolution in a solvent). The sample spectra in Figure 6.6 is marked as M2.
In the second control experiment, the same protocol was performed, but the ultrasonic treatment was
not used (M1 in Figure 6.6). Both experiments resulted in a formation of a p-MP layer on the surface
(Figure 6.6). Thus, neither light nor ultrasonic treatment have an effect on the p-MPDS deposition on
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Si(111)-H surface. Note that the two experiments are performed ex situ on a silicon wafer, while the in
situ experiment is performed on a silicon wedge. In Figure 6.6, the M2 sample has less organic material
deposited than M1. After etching in 1% HF, both samples demonstrate that the p-MP is still present.
The Si-H peak at 2083 cm-1 is present because both substrates are etched for 5 minutes with 1% HF to
prove the chemical bonding of the molecules to the substrate. This also indicates that not all available
binding sites react with MP. However, due to intrinsic differences of a silicon wafer and a silicon wedge,
to confirm these experiments, they have to be performed in situ, on silicon wedge. More research on
attachment mechanism is needed to support these claims. However, the control experiments
demonstrate the reproducibility of the reaction, even with changing parameters.

Figure 6.6: Spectra of the ex situ deposition of p-MP on a silicon substrate.
Deposition in solution without the access of light and a) with and b) without
ultrasonic treatment.

6.4 BINDING OF THIOL ON MALEIMIDE-COVERED SURFACE
The functionalization of prepared p-MP-modified surfaces is tested by coupling with model thiol
molecules with spectroscopic labels attached.
The p-MP-modified silicon substrate was immersed in the 4-mercaptobenzonitrile (MBN) solution in
ACN. The nitrile group serves as a spectroscopic label as it has a peak in otherwise spectroscopically
inactive areas. In Figure 6.7, the spectra of immobilized MBN on p-MP is presented. A small nitrile
peak at 2229 cm-1 is present, indicating a low amount of MBN attached to the surface. The peak
remained even after washing in solvents, indicating a robust bonding to the p-MP layer and thus
confirming the functionality of maleimide-immobilized surfaces.
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Figure 6.7: Spectra of ex situ MBN coupling with the p-MP-modified surface.
The experiment was transferred in a flow cell to conduct an in situ experiment of MBN binding to the
surface. The experiment resulted in the physisorption of MBN molecules. However, after sonication in
a solvent, the physisorbed layer is removed (Figure 6.8).

Figure 6.8: Physisorbed MBN molecules are washed away when sonicated in
a solvent (EtOH).
In sum, study results provide compelling insight into the mechanism of p-MP attachment on the Hterminated Si(111) surface via electrochemical or electroless deposition.
The electrochemical study finds that the almost complete monolayer formation happens after 30 s of
deposition (at V = -2 V), while after 600 s, the thickness increases to about two monolayers. The reason
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for the formation of such thin multilayers is the bulkiness of maleimide moiety, which obstructs the
approach of the radical species to ortho- position on the aryl ring.
The shortest time of deposition, after which we can observe the C=O band, is 940 ms. At this point, we
reach the limit of detection with in situ IR ellipsometry. At shorter times, we cannot observe bands due
to the noise. Longer measurement times, which would lower the noise level, are not possible since the
electrografting competes with spontaneous grafting of p-MP on silicon.
In situ electroless deposition demonstrated that the film growth reaches a plateau after 20 h with a film
thickness of approximately one monolayer. Even though longer measurements are needed to confirm
that the film growth indeed stopped, the fact that the film thickness did not change between 20 th and
24th hour of deposition suggests that maybe some other mechanisms take place at the interface instead
of a well-known radical mechanism.
The functionality of the surface is confirmed by the coupling of the p-MP layer with the thiol molecule.
The mechanistic insights from this study contribute to a prosperous research area on surface
modification with aryldiazonium salts and a broader area of organic electronics.
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7 CONCLUDING REMARKS AND FUTURE DIRECTIONS
In this thesis, the covalent surface modification of silicon with two technologically interesting materials,
porphyrin and maleimide, is studied. The study aims to better understand their bonding to the surface
by employing in situ monitoring techniques. The central question was to illuminate which parameters
influence the deposition of the material and the film growth. Thus, a study on the deposition of both
materials is conducted with particular care for deposition conditions and synthetic parameters, with
insight into the deposition mechanism. Two porphyrin derivatives, 5-(4-carboxyphenyl)-10,15,20(triphenyl)porphyrin (CTPP) and 5-(4-carboxyphenyl succinimide ester)-10,15,20-(triphenyl)porphyrin
(CTPPS) are deposited on the (3-aminopropyl)trimethoxysilane-modified (APTMS-modified) silicon
substrate. The prepared structures were characterized with surface-sensitive analytical techniques.
Furthermore, the electrochemical silicon surface modification with maleimidophenyl diazonium salt (pMPDS) is also studied. The kinetics of the film formation in a monolayer and sub-monolayer regime in
real-time using in situ ellipsometry are researched.
The present research on silicon surface modification with porphyrin and maleimide can be summarized
by following five points:
i.

Porphyrins are immobilized on an APTMS-modified silicon surface, and the binding was
proved by the identification of a covalent amide bond. Evidence of a successful bonding is
provided by three independent surface-sensitive methods: IR ellipsometry, XPS, and SEIRA.

ii.

The corresponding reactions in solution (to the ones taking place on the surface) reveal that the
reaction of APTMS with the pre-activated porphyrin derivative (CTPPS) leads to a better yield
than an in-situ-activated porphyrin derivative (CTTP). However, the surface modification with
porphyrin by layer-by-layer deposition takes place at a much slower rate than the same reaction
in solution.

iii.

An alternative synthetic approach to the layer-by-layer deposition, where the product is quickly
formed in solution and then deposited on the oxidized Si substrate through the process of
silanization, is proposed. Such synthesis results in a spectral signature of a product dominated
by amide vibrational bands and a strongly adhering thin film resistant to washing in various
solvents and etching in 10% HF solution.

iv.

The surface modification with maleimidophenyl species (p-MP) reveals almost complete
monolayer formation after 30 s of electrografting, while the first evidence of maleimide on the
surface is observed already after 940 ms. At this point, the limit of detection with in situ IR
ellipsometry is reached. At shorter times, the background noise is too strong to observe the
bands. The growth of multilayers is slow due to the steric hindrance of p-MP.

v.

The in situ observation of a spontaneous deposition of p-MPDS resulted in the formation of a
monolayer after one day of reaction. Due to different kinetics of the film growth of
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electrochemical and electroless depositions, a cationic mechanism is proposed as an alternative
to a previously presumed radical mechanism of p-MPDS deposition. The functionality of
prepared p-MP monolayers is confirmed by coupling with the thiol molecule.
We conclude that the presented work demonstrates the compatibility of porphyrins with a common,
widespread material (organosilanes) for the immobilization on the silicon by establishing an amide bond
between layers. The approach to the synthesis of the layers influences the structure and the quality of
prepared thin films. It is demonstrated that porphyrins with a non-specific functional group like COOH
give better reaction yield when pre-activated with an activator molecule like NHS, as opposed to in situ
activation before the reaction. Even so, it is found that the surface reaction is too slow with the layerby-layer mode of deposition, leading to the development of an alternative synthetic approach. The new
way of synthesis resulted in a formation of a robust thin film, providing a promising new path for surface
modification with porphyrins.
The observation of the maleimide film growth at an applied potential demonstrates that the
immobilization is noticeable already after a short deposition of 940 ms. However, due to the fast film
growth caused by radical mechanism, it is not possible to capture high-quality spectra of silicon
interface after shorter times with current instrumentation, because the film growth cannot be paused and
collecting high-quality spectra takes time. The kinetics of electroless deposition is much slower with
the monolayer formation ending after one reaction day. Different kinetics of electrochemical and
electroless depositions lead to a proposal of cationic mechanism taking place during electroless
deposition, instead of radical mechanism.
Experimentally, future research directions in this area would benefit from looking into the geometry
and molecular stacking of porphyrin monolayer deposited via the proposed new synthetic way, the
possibility of the film growth, and testing of their electronic and optical properties. As a promising
alternative, one could also prepare a porphyrin diazonium salt and use electricity to attach the porphyrin
ring directly to the surface. Continuing on our findings on the spontaneous mechanism, the research
into the nature of the electroless deposition might provide new conclusions for the achievement of a
single monolayer film with implications of integrating biosensors into electronic devices. The transfer
of the technology to novel substrates potentially relevant for future materials (Si nanowires, porous Si,
nanoparticles, graphene) and comparing them with properties of prevalent silicon might reveal new
research and technological directions. Eventually, the optimization of synthetic conditions of monolayer
formation and film growth will lead to research on the integration of prepared surfaces into electronic
and biosensing devices.
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APPENDIX 1:

SUPPLEMENTARY FIGURES TO CHAPTER 5 (S5.1 -

S5.2)

Figure S5.1: Spectra of solution reaction of CTTPS and APTMS compared with
the spectra of all starting materials.
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Figure S5.2: Spectra of solution reaction of CTTP and APTMS, with and without the use of EEDQ compared with the spectra of all starting materials.
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APPENDIX 2:

SUPPLEMENTARY FIGURES TO CHAPTER 6 (A6.1 -

A6.6)

Figure S6.1: Comparison of LO bands in thick (deposition time, t = 600 s) and
thin (t = 10 s) p-MP layers on a silicon substrate.

Figure S6.2: Changes in Si-O-Si area depending on deposition times and
with deposition time purging conditions of an electrochemical cell. a) Si-O-Si
area when the cell is purged for two hours with dry air before pumping in of
the reactive solution; b) and c) Si-O-Si area without cell purging with
deposition times, t = 10 min and 16 min, respectively.
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Figure S6.3: a) p-MP spectra after deposition; b) solvent wash; c) etching in
10% HF.

Figure S6.4: The solvent wash of p-MP-modified substrate (water, ACN, and
isopropanol).
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Figure S6.5: Spectral bands of acetonitrile on p-MP modified Si.

Figure S6.6: Chronoamperometry of p-MPDS.
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