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ABSTRACT 

 

PREPARATION OF NANOSTRUCTURED INTERFACE BY 

POLYMER GRAFTING ON VARIOUS SOLID SUBSTRATES FOR 

BIOSENSOR APPLICATIONS  

 

This thesis presents the utilization, various applications, and characterization of 

the soft material-based coating formed on the gold surface with varying thickness and 

chemical properties resulting from the isocyanate-gold interaction. Theoretical 

calculations regarding the interaction of isocyanate with the gold surface revealed the 

character of the bond formed and the orientation of the functional groups on the surface. 

Results by X-ray photoelectron spectroscopy showed the tendency to shift to the high 

energy at N 1s and C 1s binding energies in the gold-interacting isocyanate group. In the 

next steps, the isocyanate-activated gold substrate was subjected to sequential incubation 

of 1,4-butanediol/hexamethylene diisocyanate, and thin-film formation was achieved by 

surface assisted (SurfAst) urethane polymerization. It was revealed with three different 

applications that a nano-porous polyurethane (PU) structure was formed on the gold 

substrate and could be postmodified by using SurfAst polymerization method. In the first 

application, modification with polyethylene glycol (PEG) was provided to obtain 

antifouling properties. The PEG-terminated PU structure on the gold surface was shown 

to reduce protein adhesion by approximately ten-fold. In the second application, SurfAst 

was applied on the 11-mercaptodecanoic acid incubated surface and grafting onto the 

poly (N-allyl-N-methyl-N-(3-((4-methylthiophen-3-yl)oxy)propyl) prop-2-en-1-

aminium surface was characterized. As a result of PT grafting, PT nanowires with an 

average height of 100 nm, a width of 250 nm, and a length of 7 μm were obtained on the 

gold surface. In the last application, a soft nanogel was obtained by a reactive layer-layer 

(rLBL) coating method using the aza-Michael addition reaction of branched 

polyethyleneimine and polyester on the isocyanate functional surface. The mechanical 

and electrical permeability and coating properties of the nanogel layer were assessed. In 

conclusion, the high potential of isocyanate in surface activation has been demonstrated 

theoretically and experimentally. Effective modification of gold surfaces by polymer 

grafting with the SurfAst method and rLBL coating techniques has been achieved. 
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ÖZET 

 

BİYOSENSÖR UYGULAMALARI İÇİN FARKLI ALTTAŞLAR 

ÜZERİNE POLİMER AŞILAMA İLE NANOYAPILI ARA 

YÜZEYLERİN HAZIRLANMASI 

 

Bu tezde, izosiyanat-altın etkileşimi sonucu altın yüzeyde değişen kalınlık ve 

kimyasal özelliklerde oluşan yumuşak madde temelli kaplamanın eldesi, çeşitli 

uygulamaları ve karakterizasyonu sunulmuştur. İzosiyanatın, altın yüzeyle etkileşimi ile 

ilgili teorik hesaplamalar oluşan bağın karakterini ve fonksiyonel grupların yüzeyde 

yönelimlerini ortaya çıkarmıştır. X-ışını fotoelektron spektroskopisi ile elde edilen 

deneysel veriler altın ile etkileşen izosiyanat grubundaki N 1s ve C 1s bağlanma 

enerjilerinde yüksek enerjiye kayma eğilimini göstermiştir. İzosiyanat ile aktifleştirilmiş 

altın alttaş sonraki adımlarda 1,4-bütandiol/hekzametilen diizosiyanat sıralı 

inkübasyonuna uğratılarak, yüzey destekli (SurfAst) üretan polimerizasyonu ile ince film 

oluşumu sağlanmıştır. SurfAst polimerizasyon metodu ile altın alttaş üzerinde nano 

gözenekli poliüretan (PU) yapı oluştuğu ve sonradan modifiye edilebilir olduğu, üç farklı 

uygulama ile ortaya çıkarılmıştır. Birinci uygulamada kirlenme önleyici özellikler elde 

etmek için polietilen glikol (PEG) ile modifikasyon sağlanmış ve altın yüzeydeki PEG-

sonlu PU yapısının protein yapışmasını yaklaşık 10 kat azalttığı gösterilmiştir. İkinci 

uygulamada SurfAst, 11-merkaptoundekanoik asit inkübe edilmiş yüzeyde çalışılarak 

poli (N-allil-N-metil-N-(3-((4-metiltiofen-3-il)oksi)propil) prop-2-en-1-aminyum 

bromür'ün (PT) yüzeye aşılaması karakterize edilmiştir. PT aşılaması sonucunda altın 

yüzey üzerine ortalama 100 nm yükseklik, 250 nm genişlik ve 7μm uzunlukta PT 

nanoteller elde edilmiştir. Son uygulamada ise, izosiyanat fonksiyonel yüzeyi üzerinde 

dallanmış polietilenimin ve polyesterin aza-Michael katılma reaksiyonu kullanılarak 

reaktif katman-katman kaplama yöntemi ile yumuşak bir nanojel elde edilmiştir. Nanojel 

katmanın, mekanik ve elektriksel geçirgenlik ve kaplama özellikleri çalışılmıştır.  Sonuç 

olarak, yüzey aktifleştirmede izosiyanatın yüksek potansiyeli teorik ve uygulamalı olarak 

gösterilmiş ve altın, yüzeylerin SurfAst metodu ile polimer aşılaması ve reaktif katman-

katman kaplama teknikleri ile etkin modifikasyonu sağlanmıştır. 
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1. CHAPTER 1. 

 

INTRODUCTION 

 

1.1. Motivation  

 

Biosensors and implantable bioelectronic systems have become an important area 

of research due to increasing interactions between living beings and electronic systems.  

Determining, conserving, and maintaining the delicate balance at the interface between 

bio and electronic components is important to the success of the biosensor field. 

Therefore, the interface is combined with metals or semiconductors, which are electronic 

components of bioelectronic systems, to produce a soft and stimulus-sensitive interface. 

Although silane and thiol-based molecules are widely used as interface modification 

agents, they exhibit limited stability and robustness under ambient or physiological 

conditions. In silane-based agents, cross-links and uncontrolled oligomerization can form 

irregular structures on oxide surfaces, while nano-scale chemical coating with thiol-based 

surface functionalization cannot be controlled with sufficient precision on gold surfaces. 

The permanence of achievement can be provided with the continuity of well-defined 

alternative interface studies. Consequently, the stimulus-sensitive interface has become 

an always up-to-date research field that needs to be constantly explored. Therefore, 

various isocyanate sources have been investigated to produce reactive self-assembly-like 

behavior on gold surfaces since isocyanate is a very important functional group that reacts 

with groups containing active hydrogens such as hydroxyl, amine, and urea.  Thus, it is 

planned to make both surface modifications and to provide reactive isocyanate groups 

that enable the formation of polymeric structures with the further reaction on the surface. 

Because, although conventional modification methods are useful methodologies for 

surface modification of metals, metal oxides, and semiconductors, they demand laborious 

and tedious polymerization steps which can be regarded as disadvantageous for effective 

fabrications. In this context, the straightforward and novel "grafting from" methodology 

named surface-assisted (SurfAst) urethane polymerization has fabricated a highly 

efficient, well-defined post-functionalizable polyurethane interface using isocyanate 

modified gold surfaces. In addition, poly(N-allyl-N-methyl-N-(3-((4-methylthiophen-3-
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yl)oxy)propyl)prop-2-en-1-aminium bromide as cationic polythiophene "grafting to" 

methodology to the gold surface has been investigated using the Surfast methodology. 

Moreover, nanometer-thick gels production has been probed by the "reactive layer-by-

layer assembly" methodology on the isocyanate modified gold surface. In this thesis, we 

foresee that an isocyanate functionalized gold surface could provide all basic surface 

modification methodologies like grafting to, grafting from, and reactive layer-by-layer 

assembly that do not require inert conditions, degassing, or high-cost catalysts that limit 

the feasibility of biosensor applications. 

 

1.2. The Structure and Scope of the Thesis 

 

The Chapter 1 of the thesis presents the motivation and introduction. In Chapter 

2, an investigation of a high-efficiency, stable isocyanate-gold interaction has been 

presented. The surface-assisted (SurfAst) urethane polymerization technique (grafting 

from), which is based on the isocyanate-gold interaction, has been studied in detail in 

Chapter 3. In Chapter 4, the structural and electronic properties of grafting to cationic 

polythiophene on a gold surface by using the SurfAst polymerization method are 

investigated. Chapter 5 presents the reactive layer-by-layer assembly method with the 

aza-Michael addition reaction forming nanometer-thick gels by using an isocyanate-gold 

interaction. Chapters 6 and 7 introduce a brief overview of micro-patterning of the 

hydrogel by laser ablation for cell guidance study and the general concluding remarks and 

future prospects, respectively. 

 

1.3. Surface Modification Techniques 

 

Surface modification alters surface features such as roughness, hydrophilicity, 

charge, energy, and reactivity by changing the properties of the interface that interacts 

with the environment.1, 2 Molecular self-assembly (SAM) is the modification technique 

that can be functionalized or modified for the interface; thus, the well-ordered structures 

are obtained on the surface.3 Well-ordered SAMs are provided by secondary interactions 

like electrostatic interactions, intermolecular hydrogen bonds, ᴨ-ᴨ interactions, 

hydrophobic interactions, and hydrophilic interactions.4 Silane and thiol-based agents are 

most commonly used to create monomolecular films in interface modification. The 



3 

properties of an interface are determined by the terminal group of SAM while the 

anchoring group tends to interact with the surface (Figure 1.1).5 

 

 

Figure 1.1.     Scheme of self-assembled monolayers.5 

 

In the gold-alkanethiol interaction, the alkyl chains form a closely packed 

structure due to the high affinity of the thiol group to the gold surface, as well as gold 

nanoparticles that change the properties of the gold interface.6, 7 The alkyl chain length of 

thiol molecules is an important parameter to achieve crystal structure, and dense 

monolayers can be achieved when the number of methylene chains is higher than ten 

(tilted 20-30o from the surface).8 On the other hand, the main advantage of using silane is 

the rapid formation of a covalent bond between the substrate and the terminal group. The 

best substrates for silane modification are Si-OH groups like quartz glass, although metal 

oxide surfaces are also used. This covalent bond stabilizes the monomolecular film and 

allows easy chemical modification without disrupting the unity of the monomolecular 

film. 

  

1.4. Interface Engineering with Polymer Brushes 

 

Polymer brushes, first used by de Gennes to define the molecular structure of 

densely linked polymer chains, are useful for controlling the properties of materials.9, 10 

Polymer brushes are a powerful study area in surface and interface engineering because 

they adapt the chemical and physical properties of the interfaces as one end of the polymer 

chain is tethered to a solid interface. Polymer brushes could be found in various polymer 

chain conformations depending on their surface bonded density and molecular weight. 

As seen in Figure 1.2, these three basic conformations are the “pancake” or “mushroom” 

state for low polymer density and the “brush” state for high polymer density on the solid 
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surface.11 Two conformations are presented: i) the mushroom structure, where the chains 

are in a relaxed conformation with the sparse grafting regime (D > 2RG) and ii) the brush 

structure, where excluded volume interactions lead to stretched chain conformations with 

a dense grafting regime (D < 2RG) (D: Distance between chains RG: Radius of gyration).   

 

 

 

Figure 1.2.    Scheme of three basic conformations: a) pancake, b) mushroom, and c) 

brush-type state.11 

 

Pancake, mushroom, and brush states can be fabricated on the solid surface by the 

grafting from and grafting to methods described in the following section. Furthermore, 

the layer-by-layer assembly (LBL) method, which provides a robust polymer coating on 

the solid surface and is a good alternative to the graft methods, has been examined within 

the scope of the thesis and is explained in the following section.  

  

1.4.1. Grafting from and Grafting to Methodologies 

 

As seen in Figure 1.3, the fabrication of polymeric brushes on the surface can be 

conducted in two basic ways: i) grafting to, or covalently bonding a synthesized polymer 

to the surface and ii) grafting from, or creating polymer propagation on the solid surface 

by adding monomers (bottom up approaches).12  

 Grafting to methodology takes place when a covalent bond is formed as a result 

of the reaction between the chemical group of the solid surface and the pre-modified 

terminal group of the polymer. However, since the methodology is based only on the 

reaction between chemical group of the solid surface and the polymer, it is difficult to 

remove polymers that are not grafted onto the surface after fabrication. In addition, 

although it is a straightforward and rapid method to obtain a polymer brush, it is difficult 

to graft the surface with high yield polymer grafting due to steric hindrance which makes 

it hard to tether chain ends. On the other hand, the grafting from methodology is 

a)                           b)                           c) 
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promising for fabricating with a purer, high yield polymer grafting. The method has two 

basic steps: i) surface modification by using an initiator and ii) polymer chain growth 

gradually occurs on the surface. The method, which uses small molecules compared to 

polymer, results in a high-density polymer brush on solid surfaces and is promising and 

versatile for grafting polymers to biomolecules such as enzymes, proteins, or peptides.11-

13 

 

 

Figure 1.3.     Grafting to and grafting from strategies for fabricating polymer brush.12 

 

Growing a polymer from the surface with a grafting from methodology is also 

called surface-initiated polymerization (SIP). To understand the application of the 

grafting from polymerization method, the surface-initiated atom transfer radical 

polymerization (SI-ATRP) could be probed. Recently, SI-ATRP has become the most 

commonly used controlled radical polymerization technique for modifying solid surfaces 

with polymer brushes. Using the same mechanism as ATRP, SI-ATRP involves basic 

(initiation, propagation, activation/deactivation, and termination) steps. Figure 1.4 

demonstrates that alkyl halide dormant/initiators species (Pn−X) react with activators to 

reversibly create propagating radicals (Pn•) and deactivators and complexes of CuII 

halides.14, 15  
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Figure 1.4.     Illustration for ATRP and low-ppm Cu-ATRP.9 

 

The dependence of dispersity (Mw/Mn) and polymerization rate (Rp) on kinetic 

parameters and reagent concentrations are shown in Figure 1.4 (top right). Polymerization 

rate (Rp) relies on the ratio of the rate constants of activation (ka) and deactivation (kda), 

propagation rate constant (kp), and the concentrations of related reagents. Also, catalysts 

with a higher value of kda create faster deactivation and have reduced dispersity (Mw/Mn). 

Experimentally, the SI-ATRP used to obtain the polymer brush on the solid surface is 

performed in the following two basic steps: (i) modification of the initiator on the target 

surface and (ii) performance of ATRP under airtight conditions to form a polymer brush. 

In the second stage, the deoxygenation (airtight conditions) process must be done using a 

complex apparatus. Additionally, a large amount of copper (Cu) catalyst (0.1−1 mol % 

vs monomer) may be deposited on the resulting polymer brush; therefore, a long washing 

step is often required for complete removal. On the other hand, ARGET (activators 

regenerated by electron transfer) ATRP uses excessive amounts of reducing agents (e.g., 

ascorbic acid) and oxidized CuII catalysts (Figure 1.4, bottom part). The reducing agent 

acts as a chemical reservoir that continuously regenerates active CuI species from inactive 
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CuII species. Unlike the SI-ATRP method, a simple washing step is sufficient for removal 

because the Cu catalyst is used in low concentrations.16-20  

As a general assessment, the grafting from method has key advantages when 

compared to the grafting to method in areas such as organic electronics or device 

manufacturing. In the grafting from method, the density and thickness of the polymeric 

brushes are precisely controlled by first activating the solid surface before tuning the 

reaction conditions by adding small monomers to enable polymer growth stepwise 

fashion. Moreover, the grafting from method allows the production of sharply patterned 

polymeric brushes with specific patterning using lithographic methods. In this thesis, both 

grafting from (Chapter 3) and grafting to (Chapter 4) methods were used by using 

isocyanate modified gold surface, and the methods were compared with the experimental 

investigations.  

 

1.4.2. Layer-by-Layer Assembly 

 

As an alternative method to grafting from and grafting to strategies, multilayer 

thin-film coatings are crucial techniques for surface modifications. Layer-by-layer 

assembly (LbL) is used to create films that provide nanoscale control on film thickness 

and its composition on the solid surface for various applications. LbL, which is basically 

a bottom-up strategy, is a useful method in fields such as biotechnology, electronics, 

catalysis, and energy by giving films the mechanical, electrical, optical, and thermal 

properties with various functional groups or unique polymer selections. Additionally, the 

LbL method allows reproducible and robust surfaces with desired strategies for surface 

methodologies that are simple, cost-effective, and flexible to be used for this wide range 

of applications. The LbL method, which can be performed on any substrate type (planar, 

cylindrical, porous, etc.), consists of the sequential adsorption of components (polymer, 

peptide, dye, etc.) on the surface that mainly drive force electrostatic or non-electrostatic 

interactions and reactive LbL (rLbL), as shown in Figure 1.5.21-23  
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Figure 1.5.    Illustration of reactive LbL assembly nucleophile (Nu) and electrophile 

(E).24 

 

Electrostatic interactions based LbL is an assembly mechanism performed by 

sequentially immersing a pair of oppositely charged polyelectrolytes on a charged 

substrate. Multilayer films that are formed using aqueous polyelectrolyte solutions are 

particularly suitable for biomedical applications. In addition to electrostatics LbL, 

hydrogen bond donors and hydrogen bond acceptors are also driving forces for the 

incorporation of many neutral materials into multilayer films. However, electrostatic or 

hydrogen bond LbL assembly has the disadvantage of being able to break under 

conditions where ionic or hydrogen bonds are unstable, such as in strongly acidic, highly 

ionic, or strongly basic solutions. To overcome this disadvantage, reactive LbL (rLbL) is 

another alternative driving force that notably improves the stability and strength of the 

multilayer structure. Furthermore, the “click” chemistry of multiple reactive groups 

utilized in the rLbL assembly allows pre- and post-functionality by incorporating several 

other functional groups into the films (Figure 1.5). The rLBL method has four main 

advantages over other non-covalent methods: i) the covalent bond provides high stability 

and endures severe conditions, ii) in situ covalent bonding does not require post-

crosslinking, iii) various types of reactions can be carried out in aqueous or organic (or 

mixtures) solutions, and iiii) the latest deposited layer does not disassemble the previous 

layer. In this thesis, the rLBL method was used with the aza-Michael addition reaction of 

the −NH2 groups of BPEI and the alkyne group of PE (Chapter 5).24 
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1.5. Characterization Methods 

 

1.5.1. X-ray Photoelectron Spectroscopy 

 

The characterization of the chemical composition of the surface, which can be 

completely different from the bulk material composition, is critical to determining and 

evaluating the properties of the interface. X-ray photoelectron spectroscopy (XPS) is a 

powerful technique that is used to provide binding energies to characterize the chemistry 

and composition of interfaces with a high precision and sensitivity. XPS analysis is based 

on the photoelectric effect, in which the X-ray is a probe source. On the X-ray source, 

aluminum or magnesium is used generally band on the rim of the anode material. The 

energies (hυ) of the resulting Al Kα or Mg Kβ photons are 1486.7 eV and 1253.6 eV, 

respectively. These photons have limited penetrating power (the order of 1-10 

micrometers) and interact with atoms in the surface region causing the emission of 

electrons. The emitted electrons have kinetic energy given by: KE = hυ - BE - Фs (where 

BE: binding energy, KE: measured kinetic energy of photoelectron, hυ: is the energy of 

X-ray photons and Фs: the work-function.) To resolve the kinetic energy distributions of 

electrons ejected from the sample are measured with an electron energy analyzer. Since 

the XPS tecnique is very sensitive to surface contamination, the samples are examined in 

ultra-high vacuum (UHV) conditions in order to provide surface stability and to prevent 

the scattering of the ejected electron by hitting the gas molecules (Figure 1.6).25 

 

 

Figure 1.6.  Principles and components of XPS.25 
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1.5.2. Atomic Force Microscopy 

 

Atomic Force Microscopy (AFM) is a sub-technique of scanning probe 

microscopes that profile the surface at the nanometer scale. AFM is a unique 

characterization method that allows characterizing the topography, mechanical and 

electrical properties of the surface. Figure 1.7 shows the parts of AFM that include 

piezoelectric tube scanner, tip, photodetector, laser source, position sensor, etc., and the 

substrate is located on the top of the piezoelectric tube scanner. AFM has two basic 

operating modes: static and dynamic. In static mode, the probe tip makes constant 

physical contact with the surface, and surface profiles are recorded directly as the vertical 

deflection of the tip. In dynamic mode, the probe tip is oscillated at a high frequency or 

close to resonance. The changes in oscillation amplitude and resonance frequency are 

measured depending on the interaction forces when the probe tip comes close to the 

sample surface.26  

 

 

Figure 1.7.  Principles and components of AFM.26 

 

In addition, electrostatic force microscopy (EFM) is a special type of dynamic 

mode in which the electrostatic force is dominated between tip and sample. The biased 

tip and sample are measured as long-range interaction with an adjustable tip lift that only 

electrostatic interactions can predominate. Contour mode is the most effective mode of 

EFM that takes place with two sequential scans. The first scan includes a typical dynamic 
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mode (Figure 1.8-black line). The Z-axis data added from the first scan is used to EFM 

measurement the surface from a certain height in the second scan (Figure 1.8-red line).27 

 

 

 

Figure 1.8.  Principles of contour mode EFM. 

 

1.5.3. Cyclic Voltammetry 

 

Electrochemistry is an important tool for relating the flow of electrons to chemical 

changes. Cyclic voltammetry (CV) is an electrochemical technique used to examine the 

oxidation and reduction behavior of molecular species. The potential is applied by 

sweeping between the set limits at a constant scan rate in cyclic voltammetry. The traces 

in Figure 1.9 are cyclic voltammogram that the x-axis represents the applied potential (E), 

and the y-axis is the resulting current (i) passed. 

 

 

Figure 1.9.  Cyclic voltammogram of Fc+ solution to Fc (scan rate: 100 mV/s).28 

First scan 

Second scan 
Tip lift 
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As the potential is scanned from point A to point D, Fc+ is steadily consumed on 

the electrode, and it is reduced to Fc. The peak cathodic current (ip,c) is observed at point 

C. The scan direction is reversed at D, the potential is scanned in the anodic direction and 

the Fc is oxidized back to Fc+. The concentrations of Fc and Fc+ are equal at points B and 

E. Observed peaks at C and F provide an easy way to determine the E0′ for a reversible 

electron transfer.28 

 

1.5.4. VeeMAX III Variable Angle Specular Reflectance Accessory 

 

The VeeMAX III accessory enables to be analyzed in the specular reflectance 

sampling mode over a range of incident angles from 30° to 80° designed for use in FTIR 

spectrometers. The VeeMAX III employs a unique optical design for FTIR analysis on 

the surfaces. Maximum throughput of the VeeMAX III will occur at a set angle of 

incidence of about 45° to 50°. For a p-polarizer, when the polarizer is set to 0° the grid 

lines run parallel to the width of the polarizer mount and the transmitted IR radiation will 

be perpendicular to this. When the polarizer is set to 90° the grid lines run parallel to the 

length of the polarizer mount and the transmitted IR radiation will be perpendicular to 

this (Figure 1.10). In addition, VeeMax is often utilized to determine self-assembly 

behavior in the literature.29, 30 In this thesis, the effect on PU orientation and self-assembly 

properties was investigated by using VeeMAX III with p-polarizer by performing SurfAst 

urethane polymerization with isophorone diisocyanate (IPDI)/1,4-Phenylene 

diisocyanate (PDI)/hexamethylene diisocyanate (HDI) and 1,4-Butanediol (1,4-BDO). 

 

 

Figure 1.10.  VeeMAXTM III Variable Angle Specular Reflectance Accessory. 
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2. CHAPTER 2.  

 

ISOCYANATE GOLD SURFACE INTERACTION  

 

 SAM of silane and thiol are widely employed for surface and modifications 

however SAMs exhibit limited stability and robustness under ambient or physiological 

conditions and that limits their practical application. For instance, in silane-based agents, 

the cross-links formed within the monomolecular layer increase the stability; however, 

the cross-links could be formed within irregular structures and uncontrolled 

oligomerization, as seen in Figure 2.1.31  

 

 

Figure 2.1. Single-layer formation mechanism by silanes on OH terminated surfaces 

disordered inhomogeneous multilayers (left) and laterally cross-linked 

(right).31 

 

In the gold-thiol interaction, aromatic structure-based thiol molecules show well-

ordered packaging due to ᴨ-ᴨ interactions; however, they have less stable than long-chain 

alkanethiols.32 In addition, the chemical coating may not be controllable with sufficient 

precision at the nanoscale with thiol-based surface functionalization, and pinhole defects 

may occur on the surface.33, 34 Some SAMs such as –CH3 and –COOH terminate have 

poor chemical stability that degraded easily the course of investigations.35 Moreover, a 
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hydrophobic SAM surface has a high surface energy that causes the deposit of 

contaminants in the analyte recognition sites, and these impurities could change the actual 

measuring area of the sensor surface.36 Although silane and thiol agents (SAMs) are a 

conventional surface functionalization methods, the need for novel surface functional 

agents continues due to their drawbacks. Therefore, linear aliphatic and aromatic 

isocyanates have been investigated to fabricate reactive self-assembly-like behavior on 

gold surfaces in this chapter. Thus, it is planned to make surface modifications and create 

reactive functional groups that allow the formation of polymeric structures with the 

further reaction on the surface. 

Isocyanate is an important functional group that reacts with active hydrogen-

containing groups such as hydroxyl, water, amine, and urea.37 The high activity of the 

isocyanate group can be explained by the following resonance structure (Figure 2.2). 

 

 

Figure 2.2.     Resonance structure of the isocyanate group. 

 

The carbon atom has a low electron density, while the oxygen atom has a higher 

electron density. The carbon atom is positively charged, the oxygen atom is negatively 

charged, and the nitrogen atom is moderately negatively charged. The reaction of active 

hydrogen (HXR; X: O, N etc; R: alkyl / aryl) with isocyanate is the addition of hydrogen 

to the C=N double bond (Figure 2.3).37 

 

 

Figure 2.3.    Reaction of active hydrogen with isocyanate. 

 

In the literature, Tardio et al. examined the interactions of methylene diphenyl 

diisocyanate (MDI) and polymeric MDI (p-MDI) molecules with a 316L stainless steel 
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surface by incubating them in acetone.38 XPS and a time-of-flight secondary ion mass 

spectrometry (TOF-SIMS) analysis revealed that a urethane-like bond was formed 

between diisocyanate and metal surface as a result of the reaction of isocyanate groups 

and hydroxyl groups on the metal surface.  

 

 

Figure 2.4.    XPS spectra of C 1s a) oxidized 316L stainless steel, b) bulk-MDI, c) MDI-

316L stainless steel interface, and d) PMDI-316L stainless steel interface.38  

 

Figures 2.4a and b show C 1s XPS spectra of oxidized 316L stainless steel and 

bulk-MDI, respectively. Oxidized 316L stainless steel shows four well-defined peaks, 

while bulk-MDI shows three characteristic peaks. The main difference in the C 1s XPS 

spectra of Figures 2.4a and b is that the binding energy of the isocyanate group of bulk-

MDI is 288.8eV and the binding energy of the nitrogen atom attached to the carbon atom 

of the aromatic ring is 285.6 eV. Figures 2.4c and d shows the XPS spectra of C 1s MDI-

316L and PMDI-316L of the stainless steel interface, respectively. A similar peak profile 

is seen in Figures 2.4c and d, showing a combination of bulk-MDI and 316L stainless 

steel C 1s that indicate the existence of carbon contamination from 316L stainless steel at 

the interface. 
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Figure 2.5.    High-resolution XPS spectra of C 1s a) MDI-316L stainless steel interface, 

b) PMDI-316L stainless steel interface, and c) bulk-MDI.38  

 

A high-resolution C 1s XPS spectra MDI-316L, PMDI-316L stainless steel 

interface, and bulk-MDI of the high binding energy region of the isocyanate functional 

group are shown in Figure 2.5. The peak of the isocyanate in the high binding energy 

region of bulk-MDI is symmetrical which indicates a single functional species. MDI-

316L and PMDI-316L have asymmetrical and identical peaks in the high binding energy 

region of the stainless steel interface. Therefore, it can be considered that the peak of the 

binding energy belongs to two species, and it can be concluded that there are two different 

types of isocyanate-originating groups. These two types can be attributed to two groups 

as N=C=O/R-C=O and HNCOOM (M = metal). Since two binding energy peaks originate 

from isocyanate, a similar binding energy profile should be in the N 1s spectrum. High-

resolution N 1s XPS spectra MDI-316L, PMDI-316L stainless steel interface, and bulk-

MDI are shown in Figure 2.6. The N 1s peak of the isocyanate of bulk-MDI is 

symmetrical which is similar to the XPS spectra of C 1s bulk-MDI. However, PDI-316L 

and PMDI-316L are asymmetrical as the XPS spectra of C 1s can be attributed to 

HNCOOM (M = metal), N=C=O, and N=M, respectively. Thus, two different types of 

isocyanate-originating groups in the C 1s spectrum were also identified in the N 1s 

spectrum. In addition, they also suggested that hydrogen bond formation between 

nitrogen and metal hydroxide group and the cyclocation reaction between the isocyanate-

metal oxide group could occur due to isocyanate reactivity.  
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Figure 2.6.    High-resolution XPS spectra of N 1s a) MDI-316L stainless steel interface, 

b) PMDI-316L stainless steel interface, and c) bulk-MDI.38  

 

Shimizu et al.39 coated the activated aluminum surface samples using a spin 

coating method with different concentrations of PMDI layers in the presence of a catalyst. 

They investigated the interactions between PMDI and the Al surface and the reaction 

between the PMDI and atmospheric humidity by XPS and TOF-SIMS. The covalent bond 

formed between PMDI and the Al layer has been observed. Nies et al.40 investigated the 

interaction of MDI and propylene ether triol (PPET) with Au, Al, and Cu surfaces in a 

tetrahydrofuran (THF) solvent for three minutes. As a result, MDI monomers exhibited 

strong adhesion behavior because of the stronger interactions on the Cu and Al surface; 

however, MDI monomers were adsorbed weakly on the Au surface. These results confirm 

that experimental planning like incubation time, temperature, organic and metal-based 

catalysts, isocyanate type, and surface activation method are crucial parameters in 

isocyanate/surface interaction. In this chapter, an isocyanate gold surface interaction has 

been investigated to uncover self-assembly-like behavior with the most yielded and stable 

structure on the gold interface. In this context, PDI was used for rigidity aromatic 

structure whereas p-MDI was used for rigidity aromatic structure, which has more than 

two functionalities. HDI was used for a linear aliphatic that provides a more flexible 

structure than PDI and p-MDI. A combination of the applied experimental methods 
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(temperature, metal-based catalyst and high incubation time in acetone) has been 

performed, and the high-efficiency stable isocyanate-gold interaction has been shown for 

the first time in the literature. 

 

2.1. Materials and Methods 

 

1,4-Phenylene diisocyanate (PDI), polymeric methylene diphenyl diisocyanate 

(p-MDI), hexamethylene diisocyanate (HDI), 1,4-diazabicyclo[2.2.2]octane (DABCO),  

and dibutyltin dilaurate (DBTDL) (95%) were purchased from Sigma Aldrich and used 

without any further purification. Ammonium hydroxide (30%, Merck) and hydrogen 

peroxide (30%, Sigma Aldrich) were used in RCA cleaning. Acetone (99.5%, Sigma 

Aldrich) was used as a solvent. 

 Adsorption between the Au (111) surface and HDI was studied by utilizing the 

DFT method performed in Vienna Ab Initio Simulation Package (VASP) and projector 

augmented wave pseudopotentials.41-44 By using the generalized gradient approximation 

function advanced by Perdew−Burke−Ernzerhof, the exchange−correlation energy of the 

system was estimated.45 The weak dispersion forces were adjusted by including Grimme's 

DFT-D2 method, which allows more precise correlation energies to be defined.46 The cut-

off energy for the plane-wave basis set was restricted to 500 eV. The 2×2×1 k-point mesh 

has been determined to be effective to integrate the Brillouin zone of the system. Partial 

occupancies were specified with respect to Gaussian smearing method that smeared the 

Fermi level with a width of 0.05 eV. On the Au (111) surface, a rectangular cell was 

formed that cut the unit cell of the bulk Au crystal from the (111) lattice plane. The formed 

unit cell was broadening into a 5 × 3 × 1 supercell. The vacuum range was increased to 

30 Å along the z-direction to avoid neighboring interactions in adsorption calculations. 

The HDI molecule was placed 2.5 Å above the topmost layer of the relaxed Au (111) 

surface. Binding energies were computed using the equation Ebinding = EHDI + Esurface - EHDI 

+ Au (111), after the structural optimization of the HDI - Au (111) system. EHDI and 

Esurface represent the total energies of the bare Au (111) surface and HDI molecule, 

while EHDI + Au (111) represents the total energy of the HDI + Au (111) system. 

RCA cleaning was applied by the following procedure: distilled water, 

ammonium hydroxide, and hydrogen peroxide (5: 1: 1 by volume) that were held at 80°C 

until the bubbles stopped and the gold surfaces were washed with distilled water. As seen 
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in Figure 2.7, an isocyanate source (160 mM) was dissolved in 2 ml acetone. DBTDL 

catalyst (90 × 10-3 mM) was added to the acetone solution. The gold surface was 

incubated at 40°C for 30 minutes. At the end of the incubation, the gold surface was 

sonicated with acetone to remove the unbounded isocyanate source, and right after, the 

XPS point analysis was performed.  

 

 

Figure 2.7.  Structure of isocyanate sources a) 1,4-Phenylene diisocyanate (PDI), b) 

polymeric methylene diphenyl diisocyanate (p-MDI), and c) 

hexamethylene diisocyanate (HDI). 

 

The second part of the chapter includes an investigation of the reaction conditions 

and the effect of the catalyst type. (See: 2.2.4. Hexamethylene Diisocyanate Gold 

Interaction in the Presence of DABCO and DBTDL). The gold surface was prepared by 

the following procedure for the XPS point analysis: HDI and DBTDL/DABCO with 

various concentrations were dissolved in the 5 mL acetone solution. The gold surfaces 

were incubated in acetone under various conditions. After incubation, the gold was 

sonicated with acetone thoroughly three times. X-ray Photoelectron Spectroscopy (XPS) 

analyses were performed at a pass energy of 30 eV. An Al Kα monochromatic (1486.68 

eV) beam was used with a spot size of 300 μm (10 numbers of scans). 
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2.2. Results and Discussions 

 

2.2.1. 1,4-Phenylene Diisocyanate Gold Surface Interaction  

 

Figure 2.8 shows the XPS spectra obtained after the incubation of the gold surface 

with PDI. As shown in Figure 2.8a, the C 1s spectrum has deconvoluted into four peaks. 

The peaks at 284.72 eV (FWHM: 1.42) and 284.37 eV (FWHM: 1) correspond to C−C 

aliphatic and C=C aromatic carbons, respectively. Carbon bound to nitrogen (C−N) was 

assigned to 285.71 (FWHM: 1.44). The broad peak located at 288.88 eV (FWHM: 1.66) 

could be assigned to the combination of the N=C=O group and the gold bonded N=C=O 

group (NHCOOM). In Figure 2.8b, the N 1s spectrum has deconvoluted to two peaks 

which at 399.54 eV (FWHM: 1.34) and 400.06 eV (FWHM: 1.31), corresponding to the 

N=C=O groups and NHCOOM, respectively. As explained earlier, 400.7 eV were found 

to be NHCOOM, and 400.0 eV could be assigned N=C=O.38, 47 

 

        

Figure 2.8.  XPS spectra of a) C 1s and b) N 1s after PDI incubation. 
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2.2.2. Polymeric Methylene Diphenyl Diisocyanate Gold Surface    

Interaction  

 

An XPS point analysis of the p-MDI incubated gold surface is shown in Figure 

2.9. In Figure 2.9a, the XPS spectra of the C 1s has deconvoluted into five peaks. The 

peaks at 284.22 eV (FWHM: 0.85) and 284.75 eV (FWHM: 0.92) correspond to C=C 

aromatic and C−C aliphatic carbons, respectively. The binding energies of C-N and C-O 

are assigned to 285.66 eV (FWHM: 0.97) and 286.51 eV (FWHM: 1.13). The broad 

binding energy peak at 288.82 eV (FWHM: 1.97) could correspond to a combination of 

the N=C=O group and the gold bonded N=C=O group (NHCOOM). In Figure 2.9b, the 

N 1s spectra has deconvoluted to two peaks that are at 399.96 eV (FWHM: 1.03) and a 

broad peak at 400.45 eV (FWHM: 2.42), corresponding to the N=C=O functional group 

and NHCOOM, respectively. Also, according to Tardio et al., 400.7 eV and 400.0 eV 

were attributed to NHCOOM and  N=C=O, respectively.38, 47 

 

 

Figure 2.9.  XPS spectra of a) C 1s and b) N 1s after p-MDI incubation. 
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2.2.3. Hexamethylene Diisocyanate Gold Surface Interaction  

 

Figure 2.10 shows the XPS spectra obtained after the incubation of the gold 

surface with HDI. In Figure 2.10a, the C 1s spectrum is split into five peaks.  C−C 

aliphatic carbons peak are present at 284.99 eV (FWHM: 1.2). There are two adjacent 

binding energy peaks of the C-N bond 285.99 eV (FWHM: 1.46) and C−O 287.56 eV 

(FWHM: 0.5). The narrow binding energy peak at 288.72 eV (FWHM: 0.72) and the 

broad peak at 289.03 eV (FWHM: 1.57) could correspond to the N=C=O groups and gold 

bonded N=C=O group (NHCOOM), respectively. In Figure 2.10b, the N 1s spectra split 

into two peaks. The peak at 399.64 eV (FWHM: 1.35) corresponds to the N=C=O 

functional groups, and a broad peak at 400.43 eV (FWHM: 1.78) is assigned to 

NHCOOM.38, 47 

 

 

        

Figure 2.10.  XPS spectra of a) C 1s and b) N 1s after HDI incubation. 
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As a discussion of the XPS C 1s point spectra, almost all binding energy peaks of 

the main urethane bonds (C-O, C-N, NCOOM, and NCO) have been assigned. In 

addition, NHCOOM and NCO binding energy peaks were seen as two adjacent peaks 

only in HDI incubation. The HDI is a linear aliphatic structure that could tend to show 

well-ordered behavior like thiols/silane molecules on the surface. Additionally, all XPS 

N 1s point spectra show the similarities of the two binding energy peaks that could be 

attributed to NHCOOM and NCO. 

 

Table 2.1. The comparative result of C=C and C-C, C 1s XPS in the interaction between 

the gold surface and isocyanate. 

Isocyanate source C=C C-C 

PDI 284.37 eV  

FWHM:1  

Area: 5552 

284.72 eV  

FWHM:1.42 

Area: 11264 

p-MDI 284.22 eV  

FWHM:0.85 

Area: 7022.6 

284.75 eV  

FWHM:0.92 

Area: 12244.7 

HDI  

- 

 

284.99 eV  

FWHM:1.2 

Area: 15548.6 

             1 

Table 2.1 represents the comparative results of the C 1s XPS point spectra binding 

energies, FWHM, and area values in the interaction between the gold surface and 

isocyanates. p-MDI, which has two phenyl groups, has the highest C=C bonding energy 

area (7022.6 CPS.eV.) while HDI has the highest C-C bonding energy area value 

(15548.6 CPS.eV.). 
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Table 2.2. The comparative result of C-N and C-O, C 1s XPS in the interaction between   

the gold surface and isocyanate. 

Isocyanate source C-N C-O 

PDI 285.71 eV 

FWHM:1.44 

Area: 6224.61 

- 

p-MDI 285.66 eV 

FWHM:0.97 

Area: 4085.86 

286.51 eV 

FWHM:1.13 

Area: 1206.91 

HDI 285.99 eV 

FWHM:1.46 

Area: 10337.3 

287.56 eV 

FWHM:0.5 

Area: 172.59 

1 

HDI has the highest C-N binding energy area value (10337.3 CPS.eV) while PDI 

and p-MDI have 6224.61 CPS.eV and 4085.86 CPS.eV, respectively. These results show 

that the interaction of the N=C=O groups with the gold surface decreases while the 

aromatic structure and rigidity increase (Table 2.2). PDI does not exhibit a C-O binding 

energy peak, which could explain why C-O binding energy has the smallest peak, as seen 

by the p-MDI (area: 1206.91 CPS.eV) and HDI (area: 172.59 CPS.eV) XPS spectra 

(Table 2.2).  

 

Table 2.3.  The comparative results of N=C=O and NHCOOM, C 1s XPS in the    

interaction between the gold surface and isocyanate. 

Isocyanate source N=C=O NHCOOM 

PDI 288.88 eV  

FWHM:1.66 

Area: 4509.61 

p-MDI 288.82 eV  

FWHM:1.97 

Area: 3889.07 

HDI 288.72 eV  

FWHM:0.72 

Area: 1470.97 

289.03 eV 

FWHM:1.57 

Area: 2763.1 
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Table 2.3 represents the comparative results of the C 1s XPS point spectra high 

binding energy region, FWHM, and area values in the interaction between the gold 

surface and isocyanates. These two peaks can be attributed to N=C=O and HNCOOM, 

which originate from two different types of isocyanate groups. The N=C=O and 

NHCOOM binding energies of p-MDI and PDI present a single identical binding energy 

and area value. HDI has deconvoluted to two peaks at a higher energy region. It is 

assumed that one NCO group interacts with the surface while the other terminal NCO 

group remains unreacted, since the N=C=O and HNCOOM 1470.97 and 2763.1 area 

values are close to each other (also see: 2.2.5. Theoretical Calculations section). 

 

Table 2.4.  The comparative results of N 1s XPS in the interaction between the gold  

surface and isocyanates. 

 

Isocyanate source 

 

N=C=O 

 

NHCOOM 

PDI 399.54 eV 

FWHM: 1.34 

Area: 4848.27 

400.06 eV  

FWHM: 1.31 

Area: 6999.14 

p-MDI 399.96 eV 

FWHM:1.03 

Area: 2849.48 

400.45 eV  

FWHM: 2.42 

Area: 4994.48 

HDI 399.64 eV 

FWHM:1.35 

Area: 9472.08 

400.43 eV  

FWHM: 1.78 

Area: 4454.03 

l 

Since there are two binding energy peaks originating from different types of 

isocyanates, the corresponding binding energy profile should be present in the N 1s 

spectrum. The N 1s spectra split into two peaks. As a similar result, the highest N 1s 

N=C=O binding energy area belongs to HDI, with 9472.08 CPS.eV, while the lowest 

value belongs to p-MDI, with 2849.48 CPS.eV. This result shows that HDI is the most 

yielded and stable structure in the functionalization of the gold surface with N=C=O 

(Table 2.4).  

In conclusion, the results show the functionalization of the gold surface with the 

N=C=O by incubation with all isocyanate sources (PDI, p-MDI, and HDI) in the presence 
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of the dibutyltin dilaurate. However, in the experimental conditions, the C 1s and N 1s 

binding energy peaks of the HDI molecule have become deconvoluted and well-defined. 

 

2.2.4. Hexamethylene Diisocyanate Gold Surface Interaction in the 

Presence of DABCO and DBTDL 

 

 

Figure 2.11  XPS spectra of a) C 1s, b) N 1s, and c) O 1s after various conditions of HDI 

incubations (DBTDL). 

 

Figure 2.11 shows the XPS spectra obtained after the incubation of the gold 

surface with various condition of HDI incubations in the presence of the DBTDL catalyst. 

In general, the XPS spectra obtained after various conditions of HDI incubations show 

that high DBTDL and HDI concentrations give a high yield gold isocyanate interaction 

at 30°C, while the efficiency of the gold isocyanate interaction decreases at 50°C. 289.1 

eV is determined as a reference value, since a high binding energy peak indicates a metal 

isocyanate interaction in C 1s XPS spectrum. Therefore, it can be assumed that the red 
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spectrum has the highest count/s value in Figure 2.11a. In addition, the XPS spectra of 

N1s and O1s, which are shown respectively in Figures 2.11a and c, demonstrate that the 

peak shape and count/s value are suitable for obtaining the binding energies of the 

isocyanate/gold interaction. As a result, incubation at 30°C for 15 minutes in the presence 

of 90 mM HDI and 4.5x10-4 mM DBTDL could be considered the optimum conditions. 

 

 

Figure 2.12  XPS spectra of a) C 1s, b) N 1s and c) O 1s after various condition of HDI 

incubations (DABCO). 

 

Figure 2.12 shows the XPS spectra obtained after the incubation of the gold 

surface after the various conditions of HDI incubations in the presence of the DABCO 

catalyst. As the DBTDL XPS spectra results show, high HDI and catalyst concentrations 

give a high yield isocyanate/gold interaction; mostly 240 mM HDI and 4.5x10-4 mM 

DABCO concentrations were selected. Since 289.1 eV is assumed as a reference value of 

the isocyanate/gold interaction in the C 1s XPS spectrum, it can be assumed that the red 

spectrum has the highest count/s value in Figure 2.12a. In addition, the XPS spectra of N 

1s and O 1s are shown in Figures 2.12a and c, respectively. The N 1s XPS spectrum at 

various concentrations appears to have identical peak shapes and count/s values while the 
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red XPS spectrum of O 1s may indicate that the isocyanate/gold interaction is fitting for 

obtaining binding energies. As a result, incubation at 30°C for 15 minutes in the presence 

of 240 mM HDI and 450x10-3 mM DABCO could be assumed as the optimum conditions.  

  

 

Figure 2.13  Comparison XPS spectra of C 1s after optimum conditions of DBTDL and 

DABCO. 

 

Figure 2.13 shows the comparison of the XPS spectra obtained after the 

incubation of the gold surface with optimum conditions of HDI incubations in the 

presence of DABCO and DBTDL catalysts. The compared XPS results show that XPS 

incubation in the presence of the DBTDL catalyst has a higher count/s. However, peak 

fitting was applied to both XPS results (DBTDL and DABCO) for more detailed analysis 

and comparison, as seen in Figures 2.14 and 2.15. 
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Figure 2.14  XPS spectra of a) C 1s, b) N 1s, and c) O 1s after optimum conditions of 

HDI incubation (DBTDL). 
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Figure 2.15  XPS spectra of a) C 1s, b) N 1s, and c) O 1s after optimum conditions of 

HDI incubation (DABCO). 
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Figure 2.14 shows the XPS spectra obtained after the incubation of the gold 

surface with HDI in the presence of DBTDL. In Figure 2.14a, the C 1s spectrum is split 

into four peaks. C−C aliphatic carbons peak at 285 eV (FWHM: 1.47). Additionally, there 

are two adjacent binding energy peaks of the C-N bond 286.22 eV (FWHM: 1.36) and 

C−O 287.39 eV (FWHM: 0.64). The broad binding energy peak at 288.68 eV (FWHM: 

1.54) could correspond to a combination of the N=C=O group and the gold bonded 

N=C=O group (NHCOOM). In Figure 2.14b, the N 1s spectra is split into two peaks. The 

peak at 399.68 eV (FWHM: 1.31) corresponds to the N=C=O functional groups, and a 

broad peak at 400.05 eV (FWHM: 3.37) is assigned to NHCOOM.38, 47 In Figure 2.14c, 

the O 1s spectra split into two peaks. The peak at 531.4 eV (FWHM: 1.44) corresponds 

to the N=C=O functional group, and a peak at 532.2 eV (FWHM: 3.2) could assigned to 

C=O functional group. 

Figure 2.15 shows the XPS spectra obtained after the incubation of the gold 

surface with HDI in the presence of DABCO. In Figure 2.15a, the C 1s spectrum is split 

into three peaks.  There is a C−C aliphatic carbons peak at 284.9 eV (FWHM: 1.52). 

Additionally, there are binding energy peaks of the C-N bond 285.77 eV (FWHM: 3.04). 

The broad binding energy peak at 289.07 eV (FWHM: 1.65) may correspond to a sum of 

the N=C=O group and the gold bonded N=C=O group (NHCOOM). In Figure 2.15b, the 

N 1s spectra peak at 399.73 eV (FWHM: 3.93) corresponds to the N=C=O functional 

group. In Figure 2.15c, the O 1s spectra split into two peaks. The peak at 531.35 eV 

(FWHM: 2.26) corresponds to the N=C=O functional group, and a peak at 532.56 eV 

(FWHM: 2.52) could assigned to C=O functional group.38, 47 

The HDI is a linear aliphatic structure that could tend to show well-ordered 

behavior like thiols/silane molecules on the surface. As a general discussion of the XPS 

C 1s point spectra in the presence of DBTDL, the binding energy peaks of the main 

urethane bonds (C-O, C-N, NCOOM, and NCO) have been assigned. In Table 2.5, the 

combinations of the NHCOOM and NCO binding energy peak areas have a twofold 

higher area value in the DBTDL (6279.84 CPS.eV.) catalyst when compared to the 

DABCO (2957.83 CPS.eV.) catalyst. Additionally, all XPS O 1s point spectra show 

similar two binding energy peaks that could be attributed to the N=C=O and C=O 

functional groups. 
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Table 2.5.   The comparative results of C 1s XPS spectra after optimum conditions of  

DBTDL and DABCO. 

Catalyst 

source 

C-C C-N C-O N=C=O / 

NHCOOM 

DBTDL 285 eV 

FWHM: 1.47 

Area: 28748.24 

286.22 eV  

FWHM: 1.36 

Area: 8107.43 

287.39 eV  

FWHM: 0.64 

Area: 415.78 

288.68 eV  

FWHM: 1.54 

Area: 6279.84 

DABCO 284.9 eV  

FWHM: 1.52 

Area: 9023.97 

 285.77eV  

FWHM: 3.04 

Area: 11408.79 

 

- 

289.07 eV  

FWHM: 1.65 

Area: 2957.83 

             1 

The presence of the DBTDL catalyst has a higher C-C binding energy area value 

(28749.24 CPS.eV) while the DABCO catalyst has a binding energy value of 9023.97 

CPS.eV. These results may be because the interaction of the N=C=O groups with the gold 

surface increases with the use of the DBTDL catalyst. The DABCO catalyst does not 

exhibit a C-O binding energy peak, which could explain why the C-O binding energy has 

the smallest peak, as seen by the DBTDL catalyst of (area: 415.78 CPS.eV) the XPS 

spectra (Table 2.5). 

 

Table 2.6.  The comparative results of N 1s XPS spectra after optimum conditions of 

DBTDL and DABCO. 

 

Catalyst source 

 

N=C=O 

 

NHCOOM 

DBTDL  399.68 eV 

FWHM: 1.31 

Area: 11347.36 

400.05 eV 

FWHM: 3.37 

Area: 6533.52 

DABCO  399.73 eV 

FWHM: 3.93 

 Area: 8051.17  

  

- 

1 

The N 1s spectra split into two peaks in the DBTDL catalyst but only a single 

peak in the DABCO catalyst. As a result, the highest N 1s N=C=O binding energy area 
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belongs to the DBTDL catalyst, with 11347.36 CPS.eV. This result shows that the 

presence of DBTDL is the higher yield in the functionalization of the gold surface with 

N=C=O (Table 2.6). 

 

Table 2.7.  The comparative results of O 1s XPS spectra after optimum conditions of 

DBTDL and DABCO. 

 

Catalyst source 

 

C=O 

 

N=C=O 

 

DBTDL  532.2 eV 

FWHM: 3.2 

Area: 7872.59 

531.4 eV 

FWHM: 1.44 

Area: 10745.23 

DABCO 532.56 eV 

FWHM: 2.52 

Area: 11186.77 

531.35 eV 

FWHM: 2.26 

Area: 3544.65 

             1 

The results show the functionalization of the gold surface with N=C=O after 

optimum incubation conditions with different catalyst sources (DABCO and DBTDL). 

However, under experimental conditions, the binding energy peaks of C 1s and N 1s in 

the presence of the DBTDL catalyst are fitted and well-defined when compared to those 

of the DABCO catalyst. As a result, incubation at 30°C for 15 minutes in the presence of 

90 mM HDI and 450x10-3 mM DBTDL is considered the optimum conditions. In 

addition, theoretical calculations of adsorption of the HDI molecule on the Au (111) 

surface were conducted. 

 

2.2.5. Theoretical Calculations of Adsorption of the HDI Molecule on 

the Au (111) Surface 

 

Figure 2.16a shows the adsorption scheme of HDI molecule of the NCO group 

aligned horizontally and vertically on the Au(111) surface. Also, possible adsorption sites 

are demonstrated in the top view of the Au with top-site, hexagonal closed packed site 

(hcp-site), face-centered cubic site (fcc site), and bridge site. To figure out the interaction 
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of a single HDI molecule with the surface, the NCO functional group individually 

interacts vertically and horizontally in each adsorption site.41  

 

 

Figure 2.16. a) Scheme of HDI molecule of the NCO group aligned horizontally and 

vertically on the Au(111) surface. Possible adsorption sites in the top view 

of the Au (111) surface are indicated by red, blue, green, and orange dots. b 

and c) Top and side views of the adsorption of the NCO functional group 

over nitrogen and oxygen to the Au (111) surface and the binding energies 

calculated for the adsorption sites. 

 

As in Figure 2.16b, when the NCO functional group is aligned vertically to the 

gold surface, the oxygen atom interacts with the adsorption sites of the surface. The 

calculated binding energies for the vertically aligned NCO group are top-site, hexagonal 

closed packed site (hcp-site), face-centered cubic site (fcc site), and bridge site (383 meV, 

327 meV, 331 meV, and 323 meV, respectively). As seen in Figure 2.16c, when the NCO 

functional group is aligned parallel to the gold surface, the nitrogen atom interacts with 

the adsorption sites of the surface. The calculated binding energies for the aligned parallel 

are top-site, hexagonal closed packed site (hcp-site), face-centered cubic site (fcc site), 

and bridge site (990 meV, 869 meV, 897 meV, and 886 meV, respectively). In addition, 

when the isocyanate group is aligned vertically to the gold surface vertical distance 
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between the O atom and outermost Au atomic plane is 2.87 angstroms. On the other hand, 

the isocyanate group is aligned horizontally to the gold surface vertical distance between 

the N atom and outermost Au atomic plane is 2.60 angstroms. 

The further DFT calculation results are shown in Figure 2.17. These results show 

that the binding energy between the N atom and the top-site of the Au (111) (990 meV) 

is much higher than the Van der Waals type interaction (35 meV) energy, while the 

binding energy is lower than the Au-S (1700 meV) bond.48, 49 In addition, there is a 

difference of approximately 800 meV between N=C=O and NHCOOM in binding energy 

values in the XPS spectra of N 1s (Figure 2.10). The difference is consistent with the 

calculated values of the binding energies between the N atom and top-site Au (111) (990 

meV). 

 

 

 

Figure 2.17. a) Calculated charge transfer characteristic of the HDI molecule on the Au 

surface and b) Calculated band spectrum of the HDI molecule and band 

occupancy of Au by N, C, O and H atoms. 
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Calculations show the orbital character of the bonding state, the charge density of 

the molecule, and the intimate contact point of the surface is reorganized to form bonding. 

The below Figure 2.17a summarizes the charge density change of surface interacting 

atoms C, N, O, H. The changes of the surface interacting atoms were found to be marginal 

as compared to their neutral states. Moreover, the Bader charge analysis reveals that there 

is no charge transfer between the molecules and surface. Therefore, it can be concluded 

that the bond has no ionic character. In below Figure 2.17b, the highest occupied 

molecular orbital of surface interacting atoms was shown, and at the onset of the 

interaction, the gold band structure is occupied by N, C, O. This overlapping refers to the 

further DFT analysis points out that the bond between N and Au is partially covalent and 

metallic character.  

As a general discussion of the theoretical calculations of adsorption of the HDI 

molecule on the Au (111) surface: It has been found that the most favorable adsorption 

site for the calculated binding energies for both NCO functional groups aligned vertical 

and parallel are the top-site of the Au (111) surface. Also, when the NCO functional group 

is aligned parallel to the gold surface, the other terminal NCO group and aliphatic chain 

are positioned perpendicular to the surface and this is the most favorable energy 

configuration. The most favorable energy configuration leads to three main results: 

i) one of the bifunctional aliphatic isocyanate groups interacts with the top-site of 

the Au (111) surface through the nitrogen atom, 

ii) the other terminal isocyanate remains unreacted with the Au (111) surface and 

provides the possibility of further polymerization,50 and 

iii) Configuration can give a SAM-like well-ordered structure with Van der Waals 

interactions between adjacent aliphatic chains that are positioned perpendicular to the 

surface. 

 

2.3. Conclusions 

 

Surface modification changes the properties of the interface by creating SAM via 

Van der Waals interactions. Interface modification by using silane and thiol-based agents 

is the most common method used to obtain surface functionalization. Even though silane 

and thiol agents are a traditional surface functionalization method, the search for new 

surface functionalization agents always continues.   
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Isocyanate is an important functional group that reacts with all hydrogen-

containing groups due to the resonance structure. In this chapter, an alternative to 

traditional interface modification has been investigated by using 1,4-Phenylene 

diisocyanate (PDI), polymeric methylene diphenyl diisocyanate (p-MDI), and 

hexamethylene diisocyanate (HDI) to find out most efficient and stable modifications on 

the gold surface. The C 1s XPS point spectra binding energy shows that p-MDI has the 

highest C 1s aromatic carbon binding energy area value while HDI has the highest C 1s 

aliphatic carbon binding energy area value (Table 2.1). In addition, HDI has the highest 

C-N binding energy area value, and PDI does not exhibit C-O binding energy peak (Table 

2.2). Moreover, the N=C=O and NHCOOM binding energies of p-MDI and PDI present 

a single peak while HDI has deconvoluted to two peaks at a higher energy region (Table 

2.3). Furthermore, the highest N 1s N=C=O binding energy area belongs to HDI while 

the lowest value belongs to p-MDI (Table 2.4).   

The XPS point analysis showed that all sources of isocyanate could interact with 

the gold interface under a certain experimental condition. In addition, the most efficient 

surface functionalization was obtained with HDI. On the other hand, the XPS results 

showed that PDI and p-MDI have aromatic rings, they interact with few isocyanate groups 

on the gold surface due to their higher steric hindrance compared to linear HDI. 

Therefore, the binding energies of the isocyanate groups of the linear HDI molecule with 

the gold surface in the high energy region have a characteristic profile, which is 

compatible with the literature results.38 This characteristic binding energy profile 

indicates that the interaction of N=C=O groups with the gold surface decreases as the 

aromatic structure and rigidity increase as similar to less stable aromatic structure-based 

thiol molecules.32 In addition, it can be assumed that the CH2 groups of the linear HDI 

molecule will provide a secondary interaction to obtain a well-ordered structure on the 

gold surface. Therefore, the HDI molecule was used as an isocyanate source in the 

following chapter. In addition, incubation at 30oC for 15 minutes in the presence of 90 

mM HDI and 450x10-3 mM DBTDL is considered as the optimum conditions. 

The XPS point analysis results were supported by theoretical calculations of 

adsorption of the HDI molecule on the Au (111) surface. Binding energy of the most 

favorable energy configuration indicates that there is a much stronger force than the Van 

der Waals-type interactions when the NCO functional group is aligned parallel on Au 

(111) interface. Also, as seen in Figure 2.17, calculated results demonstrate that the bond 

between N and Au is of a partially covalent and metallic character. 
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The XPS and theoretical calculations results show that the isocyanate group 

interacts with the top-site of the Au (111) surface through the nitrogen atom, and the other 

terminal isocyanate remains unreacted with the Au (111) surface. In addition, SAM-like 

well-ordered structures between adjacent HDI molecules could occur. As a result of this 

chapter, the functionalization with isocyanate sources could pave the way for the 

preparation of a well-defined polymeric structure, which could serve as a biosensor 

platform. 
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3. CHAPTER 3. 

 

SURFACE-ASSISTED URETHANE POLYMERIZATION 

 

Biosensors51, 52 and implantable bioelectronic systems53-55 have become important 

areas of research due to increasing interactions between living beings and electronic 

systems.56 Determining, conserving, and maintaining the delicate balance at the interface 

between bio and electronic components is important to the success of the biosensor field. 

57 Therefore, the interface is combined with metals or semiconductors, which are 

electronic components of bioelectronic systems, to produce a soft and stimulus-sensitive 

interface.58-63 Basically, the permanence of achievement can be provided with the 

continuity of well-defined alternative interface studies. Consequently, the stimulus-

sensitive interface has become an always up to date research field that needs to be 

constantly explored. 

Biofouling caused by the irreversible adsorption of bio-macromolecules such as 

proteins and DNAs is one of the major challenges for the bioelectronic interface. As a 

result of non-specific binding problems encountered in antibody research protein 

microarray, detection platforms may generate false-positive signals. Therefore, protein 

sensing platforms can be provided by surface modification in antibody research without 

encountering the problem of non-specific binding that produces false-positive signals 

(Figure 3.1). 

 

Figure 3.1 Representation of a bio-fouling surface. 
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As a general rule, ethylene glycol terminated alkanethiols prevent non-specific 

protein adsorption on the gold surface; however, the solely SAM layer has limited 

robustness.64 Therefore grafting from methodologies for manufacturing bio-repellent 

polymer functionalized interfaces, like activators regenerated by electron transfer 

(ARGET) ATRP and surface-initiated atom transfer radical polymerization (SI-ATRP), 

have been developed.65-68 Thus, the SI-ATRP methodology presented is an important and 

valuable method in surface and interface architecture. Generally, the SI-ATRP used to 

create the polymer brush on the surface is performed in the following two steps: (i) 

modification of the initiator on the surface and (ii) ATRP performed to obtain the polymer 

brush on the surface with air-free conditions. In the second stage, deoxygenation (airtight 

conditions) should be done using a sophisticated apparatus. In addition, a large amount 

of copper (Cu) catalyst is deposited on the resulting polymer brush; therefore, a long-

washing step is often required for complete catalyst-removal69. Pinto et al. manufactured 

ultrathin polymethyl methacrylate brush gate insulators by using the ATRP method. The 

polymer brush presented good homogeneity and high capacitance that are used for low-

voltage organic field-effect transistors (OFETs).70 Ge et al. have demonstrated that 

modifying the Si surface with polystyrene brushes synthesized by SI-ATRP facilitates the 

manufacture of inkjet-printable OFETs.71 Recently, Joh et al. reported that the metal-

oxide Al2O3, ZrO2, and SiO2 dielectric materials were functionalized with non-fouling 

poly(oligo (ethylene glycol) methyl ether methacrylate) (POEGMA) brushes for 

biosensing applications. Also, the results demonstrate that POEGMA modified biosensor 

platforms show non-specific adsorption and improve the performance of sensing 

devices.72, 64  

Tang et al. found that poly(oligo (2-alkyl-2-oxazoline) methacrylate) 

functionalized gold surfaces obtained with ATRP show antifouling properties that are 

characterized by surface plasmon resonance sensor interface.73 As mentioned in literature 

studies, time-consuming degassing steps that restrict the applicability of SI-ATRP are the 

main drawback; thus, air-tolerant methodologies present a more applicable approach to 

SI-ATRP. Yeow et al. have examined novel studies involving the advantages and 

disadvantages of air-resistant controlled live radical polymerization methodologies.74 

Jeong et al. exhibited the air-tolerant SI-ARGET ATRP method for the polymerization of 

sulfobetaine acrylamide (SBAA) on various surfaces, and the poly(SBAA) brush on the 

gold surface has been reported to present 12-14% protein adsorption.69 Furthermore, 
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Hong et al. produced ultra-low fouling gold surfaces through the polymerization of 

carboxybetaine (CB) by SI-ARGET ATRP.75  

Although SI-ATRP and SI-ARGET ATRP are useful methods for obtaining 

polymer brushes on diverse surfaces, the methods require long, laborious polymerization 

stages, and a large number of chemicals consumed with purification steps can be 

considered a drawbacks for biosensor applications.11, 69  

In this chapter, we have performed the surface-assisted (SurfAst) urethane 

polymerization that provides a polyurethane (PU) interface using the isocyanate-

functionalized gold surfaces prepared in the Chapter 2. A novel, straightforward SurfAst 

methodology does not need air-tight conditions, degassing, costly catalysts, high amounts 

of chemicals, or tedious purification steps that may restrain the practicability of a large-

area application of the biosensor interface.  

 

3.1. Materials and Methods 

 

11-Mercapto-1-undecanol, poly(ethylene glycol) (Mw: 1000 Da), 1,4 butanediol 

(1,4-BDO), hexamethylene diisocyanate (HDI), isophorone diisocyanate (IPDI), 1,4-

Phenylene diisocyanate (PDI), acetone, ethanol, and DBTDL 95% were purchased from 

Sigma-Aldrich. Texas Red-conjugated bovine serum albumin (T-BSA) was purchased 

from Thermo Fisher. Atomic Force Spectroscopy was conducted by Nanosurf AFM 

(Stat0.2LAuD - k = 0.2 N/m, static force) and was used for topographical characterization 

and adhesion force mapping. The EFM measurement was carried out in contour mode 

(Multi75E-G - k = 3 N/m, dynamic force, tip lift: 40 nm), at room temperature. Quanta 

250 FEG scanning electron microscope was used for examining the gold surface 

morphology. Raman spectrum (MonoVista-Princeton Instruments) were recorded using 

532 nm laser to investigate polyurethane (PU) functional groups on the surface. Infrared 

measurements were carried out by using PerkinElmer Spectrum 100 FTIR with VeeMAX 

III Variable Angle Specular Reflectance Accessory at variable angle reflectance (ZnSe p-

polarizer) in a spectral range between 1000 and 3600 cm-1. XPS analyses were performed 

at a pass energy of 30 eV. An Al Kα monochromatic (1486.68 eV) beam was used with 

a spot size of 300 μm (10 numbers of scans). 

Surface passivation procedure: Gold substrates (1 cm2) were cleaned by RCA 

cleaning. For gold surface passivation, 11-Mercapto-1-undecanol was used. 
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Polydimethylsiloxane (PDMS) stamp (Figure 3.2) was incubated in 1 mM 11-mercapto-

1-undecanol for 5 minutes in an ethanolic solution. After the stamp was dried by N2, it 

was located by applying mild pressure to the gold surface for 5 min. The gold surface was 

rinsed with EtOH.  

SurfAst urethane polymerization general procedure: Isocyanate source (HDI, 

IPDI, or PDI) and 1,4-BDO concentrations were prepared 80 mM in the acetone solutions. 

DBTDL was added to the acetone solutions as the catalyst (4.5 × 10-2 mM) in the SurfAst 

urethane polymerization. The first step of passivated gold was incubated with isocyanate 

source solutions at 40°C for 20 minutes. The second step of passivated gold was incubated 

with 1,4-BDO solutions at 40°C for 20 minutes. SurfAst urethane polymerization was 

carried out with the eight-step sequential incubation of an isocyanate source and 1,4-

BDO. After every step, the gold surface was sonicated with acetone.  

Antifouling assay: After SurfAst urethane polymerization, PEG 1000 was grafted 

on the PU interface, and an antifouling study was performed (Figure 3.3). To understand 

the antifouling property of the PEG 1000-end PU interface, the gold surface was 

incubated with T-BSA (1 mg/mL in 1× PBS) for 3 hours at ambient temperature. After 

incubation with BSA, the gold surface was rinsed with plenty of 1× PBS. Zeiss 

fluorescence microscopy was utilized for fluorescence imaging with an exciting 

wavelength of 541 nm.      

 

Figure 3.2 Microscope image of PDMS. 
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Figure 3.3  Illustration of SurfAst urethane polymerization for HDI and 1,4-BDO 

system.41   

 

Figure 3.3 shows the SurfAst urethane polymerization. After RCA cleaning, the 

gold surface was incubated with HDI in the first step. At the end of the first step, one 

terminal isocyanate interacted with the gold surface while the other remained unreacted 

on the gold surface (See: Chapter 2). In the second step, the surface was incubated with 

1,4-BDO, and the first urethane bond formed on the gold surface. After each step, the 

gold surface was rinsed with plenty of acetone to remove unbounded HDI and 1,4-BDO 

monomers. After the sequential incubation of HDI and 1,4-BDO, an interface was 

obtained by short and long urethane moieties at the end of the eighth step. The interface 

had a mixed secondary interaction involving at least three hydrogen bonds (see FTIR 

section). In addition, PEG 1000 could be covalently grafted onto the NCO-end 

polyurethane interface to obtain an antifouling surface.41 

 

3.2. Results and Discussions 

 

To determine the optimum step number, the gold surface was incubated in the 

HDI solution in the first step. As a result of this process, HDI monomers interacted on the 

gold surface. In the next step, the gold surface was incubated in the 1,4-BDO solution. 
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As a result of this process, one urethane group was theoretically formed on the surface; 

this process was denoted as two steps. Figure 4.4 shows the XPS chemical mapping 

results of C, N, O, and Au within four steps, six steps, and eight steps. The XPS chemical 

mapping of the PU interface with different step numbers is shown in Figures 4.4 a−d. 

Green, blue, light blue, and red regions refer to the sum concentration distributions of C 

1s, N 1s, O 1s, and Au 4f of the PU interface on the gold surface. The chemical abundance 

of carbon, oxygen, nitrogen, and gold was analyzed based on the ratio of black to colored 

regions, demonstrating that carbon, oxygen, nitrogen, and gold existed on the cover on 

the surface within various abundances in four, six, and eight steps. The major difference 

in chemical abundance according to the step number was determined as Au 4f. While Au 

4f chemical abundance was 0.971 area units in four steps, it decreased to 0.575 area units 

in six steps and reached 0.901 units in eight steps (Figure 3.4d).  
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Figure 3.4  XPS chemical mapping results of a) C, b) N, c) O, and d) Au (left: four steps, 

middle: six steps, right: eight steps). 

 

Figure 3.5 and Figure 3.6 depict the XPS binary chemical mapping results of a) 

Au-C, b) Au-N, c) Au-O, d) C-N, e) N-O, and f) C-O and XPS tertiary chemical mapping 

results of a) Au-C-N, b) Au-C-O, c) Au-N-O, and d) C-N-O (left: four steps, middle: six 

steps, right: eight steps), respectively. 
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Figure 3.5  XPS binary chemical mapping results of a) Au-C, b) Au-N, c) Au-O, d) C-

N, e) N-O, and f) C-O (left: four steps, middle: six steps, right: eight steps). 
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Figure 3.6  XPS tertiary chemical mapping results of a) Au-C-N, b) Au-C-O, c) Au-N-

O, and d) C-N-O (left: four steps, middle: six steps, right: eight steps). 
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Figure 3.7  XPS quaternary chemical mapping results of a) Au-C-N-O (left: four steps, 

middle: six steps, right: eight steps). 
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Figure 3.7 depicts XPS quaternary chemical mapping results of Au-C-N-O with 

respect to chemical abundance of binding energy of carbon, oxygen, nitrogen and gold. 

When the presence of Au binding energy is assumed to be related to the PU coating 

efficiency, the gold chemical abundance rate is 5.5% in four steps, 1.9% in six steps, and 

8.9% in eight steps. Figure 3.7 shows that for a high yield PU interface a minimum of six 

steps should be applied. 

 

  

 

Figure 3.8  a) AFM height image and cross-section of six steps of HDI-1,4-BDO 

SurfAst urethane polymerization on gold surface. b) AFM height image of 

a magnified view of Figure 3.8a (black dashed square). c) Cross-section of 

Figure 3.8b (black dashed line). 

 

Figure 3.8a shows the AFM image of six steps of SurfAst urethane polymerization 

(3 sequential reactions between 1,4-BDO and HDI) on the gold surface. In Figure 3.8b, 

the PU interface is found to be various height values between 5 and 30 nm that have to 

correspond to a roughness of 63 nm. Since the AFM image of the bare gold surface has a 

5 nm area roughness, these results demonstrate that the thin polyurethane (PU) interface 

provides a porous structure on the gold surface which increases the roughness of the 

surface. Consequently, the thin polyurethane (PU) yielded on the gold surface by using 

SurfAst urethane polymerization. These results show that the gold substrate has a fully 

covered and rougher surface after the SurfAst urethane polymerization. 
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Figure 3.9  FTIR spectrum of six steps of HDI-1,4-BDO SurfAst urethane 

polymerization on gold surface with a) 40° VeeMAX III angle and 0° 45° 

90° Zn-Se p-polarizer. b) 45° VeeMAX III angle and 0° 45° 90° Zn-Se p-

polarizer. c) 50° VeeMAX III angle and 0° 45° 90° Zn-Se p-polarizer. 
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For general information, the maximum throughput of the VeeMAX III occurs at 

a set angle of incidence of about 45° to 50° and declines to less than 15% throughput at 

extreme set angles of 30° and 80°. The theoretical beam dimensions at higher angles of 

incidence become increasingly elliptical in shape. The IR spectra in Figures 3.9 confirms 

the HDI-1,4-BDO SurfAst urethane polymerization on the gold surface. In particular, 

signals of the carbamate (urethane) group formed by the reaction of hydroxyl with 

isocyanate groups appear at 1716 cm-1. The signal at 1020 cm-1 is attributed to a C-O 

stretch. The 1250 and 1542 cm-1 amide III, C-N stretching (and N-H bending of amide 

bond) and amide II, bending vibration of N-H groups (and stretching vibrations of C-N), 

respectively. Two peaks at 2850 cm-1 and 2919 cm-1, which are attributed to the 

symmetric and asymmetric stretching modes of CH2 groups, respectively, can be used as 

references for well-ordered alkyl chains in SAMs.30, 76 For the ZnSe p-polarizer, when the 

polarizer is set to 0°, the grid lines run parallel to the width of the polarizer mount, and 

the transmitted IR radiation will be perpendicular to this. When the polarizer is set to 90°, 

the grid lines run parallel to the length of the polarizer mount, and the transmitted IR 

radiation will be perpendicular to this. Thus, the N-H bending vibration peak appears at 

1589 cm-1 when the polarization degree is 90, while it is absent at 0°. On the other hand, 

well-defined symmetric and asymmetric stretching modes of CH2 groups were obtained 

at a 90° p-polarizer angle from 40°, 45°, and 50° VeeMax III measurements (Figure 3.10). 

In conclusion, the results show a PU orientation of approximately 90° with respect to the 

surface and carbon chain packing as the self-assembled monolayers. 
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Figure 3.10  FTIR spectrum of six steps of HDI-1,4-BDO SurfAst urethane 

polymerization on the gold surface with 40°, 45°, and 50° VeeMax III angles 

and a 90o Zn-Se p-polarizer degree. 

 

 

   

Figure 3.11  Chemical representation of a) 11-mercapto-1-undecanol and b) Two steps 

SurfAst urethane polymerization.  
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In another aspect, the chemical representation of the 11-mercapto-1-undecanol 

yielding a stable SAM structure, and two steps SurfAst urethane polymerization is given 

in Figure 3.11. The stretched molecule length of the 11-mercapto-1-undecanol and two 

steps (HDI-1,4-BDO) SurfAst urethane polymerization is nearly 2 nm.41 By a basic 

calculation, the ideal secondary interaction value of the between 11-mercapto-1-

undecanol molecules that contain eleven -CH2 (London Dispersion 0.05 kj/mol) and one 

-OH (Hydrogen bond 10 kj/mol) is about 10.55 kj/mol (Figure 3.11a). On the other hand, 

the ideal secondary interaction value of the two steps SurfAst urethane polymerization 

that contains ten -CH2 (London Dispersion 0.05 kj/mol) and one -OH, one urethane bond 

(Hydrogen bond 10 kj/mol) is about 20.5 kj/mol (Figure 3.11b). Therefore, it can be 

assumed that the SurfAst urethane reaction could be twofold as strong in terms of 

secondary interaction energy per unit length on the surface. This may explain that the PU 

orientation of approximately 90° with respect to the surface and SAM-like well-ordered 

structures on the surface.   

 

 

Figure 3.12  a) AFM height image and cross-section of six steps of PDI-1,4-BDO 

SurfAst urethane polymerization on the gold surface. b) AFM height image 

of a magnified view of Figure 3.12a (black dashed square). c) Cross-section 

of Figure 3.12b (black dashed line). 

 

Figure 3.12a shows the AFM image of six steps of SurfAst urethane 

polymerization (3 sequential reactions between 1,4-BDO and PDI) on the gold surface. 

The AFM image shows that short and long rod-like structures are formed on the gold 
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surface. In Figure 3.12b, the rod-like structures may result from the dense urethane bond 

(hard segment) formed as a result of the reaction between the rigid PDI and the low 

molecular mass hydroxyl source (1,4-BDO). However, the rod-like structures were not 

covered homogeneously and continuously on the gold surface as in Figures 3.8a and b 

(1,4-BDO and HDI). This result may be due to the low yield of the interaction of the PDI 

with the gold surface as compared to the high yield of linear HDI. Figure 3.12c shows 

that the short rod-like structures have an identical average height distribution while the 

long rod-like structures are about three times higher. Since the SurfAst urethane 

polymerization on the gold surface was not homogeneous, the incubation concentration 

was increased twofold (concentrated PDI-1,4-BDO) to enhance PDI gold interaction. 

 

 

Figure 3.13  a) AFM height image and cross-section of six steps of concentrated PDI-

1,4-BDO SurfAst urethane polymerization on the gold surface. b) AFM 

height image of a magnified view of Figure 3.13a (black dashed square). c) 

Cross-section of Figure 3.13b (black dashed line). 

 

Figure 3.13a shows the AFM image of six steps of concentrated PDI-1,4-BDO 

SurfAst urethane polymerization (3 sequential reactions between 1,4-BDO and PDI) on 

the gold surface. The AFM image shows that extended rod-like structures are formed on 

the gold surface as compared to Figure 3.13a. An increased PDI and 1,4-BDO 

concentration could be formed due to an increased number of rigid segments on the gold 

surface, resulting in the extension of rod-like structures. Figure 3.13c shows that the 

center of the rod-like structures has a twofold higher average height distribution than the 

short rod-like structures. 
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Figure 3.14 FTIR spectrum of six steps of concentrated PDI-1,4-BDO SurfAst urethane 

polymerization on the gold surface with a) 40° VeeMAX III angle and 0° 

45° 90° Zn-Se p-polarizer. b) 45° VeeMAX III angle and 0° 45° 90° Zn-Se 

p-polarizer. c) 50° VeeMAX III angle and 0° 45° 90° Zn-Se p-polarizer. 

a) 

b) 

c) 
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The IR spectra in Figure 3.14 confirm the six steps of concentrated PDI-1,4-BDO 

SurfAst urethane polymerization on the gold surface. In particular, signals of the 

carbamate (urethane) group formed by the reaction of hydroxyl with isocyanate groups 

appear at 1715 cm-1. The signal at 1020 cm-1 is attributed to a C-O stretch. The 1250 and 

1542 cm-1 amide III, C-N stretching (and N-H bending of amide bond) and amide II, 

bending vibration of N-H groups (and stretching vibrations of C-N), respectively. Two 

peaks at 2850 cm-1 and 2919 cm-1, which are attributed to the symmetric and asymmetric 

stretching modes of the CH2 groups, respectively, can be used as references for well-

ordered alkyl chains in SAMs.30, 76 Symmetric and asymmetric stretching modes of CH2 

groups were found to be identical at all angles (0°, 45°, and 90° p-polarizer) by using 

VeeMax III measurements. In conclusion, the results show the PU orientation of all 

directions with respect to the surface and do not show self-assembly-like properties. 

 

 

Figure 3.15 AFM height image of six steps of IPDI-1,4-BDO SurfAst urethane 

polymerization on the gold surface. 

 

Figure 3.15a shows the AFM image of six steps of SurfAst urethane 

polymerization (3 sequential reactions between IPDI-1,4-BDO) on the gold surface. The 

AFM image indicates that there are no reactions between IPDI-1,4-BDO; therefore, the 

PU interface did not form on the gold surface. The reaction may not have happened on 

the gold surface since -NCO functional groups have low reactivity due to their 

cycloaliphatic structure of IPDI. As such, IPDI is used in waterborne PU production due 

to its low reactivity.77  
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3.2.1. Passivating with 11-Mercapto-1-Undecanol of the Gold Surface  

 

Figure 3.16 shows the AFM image of the 11-mercapto-1-undecanol passivated 

gold surface and its cross-section and the microscope image of the passivated gold 

surface. The gold surface was passivated with 11-mercapto-1-undecanol to find out the 

average height distribution of the nanoporous structure formed after SurfAst urethane 

polymerization. Figure 3.16a shows the AFM image of 11 mercapto-1-undecanol 

molecules with a sharp square pattern before SurfAst urethane polymerization reactions. 

The average height is approximately 2.5 nm, indicating that the resulting 11-mercapto-1-

undecanol structure is perfectly packaged to prevent the interaction of the diisocyanate 

with the gold surface (Figure 3.16b). Also, Figure 3.16c shows a microscope image of the 

gold surface that is passivated with 11-mercapto-1-undecanol. 

 

 

Figure 3.16. a) AFM image of 11-mercapto-1-undecanol passivated gold surface. b) 

Cross-section (black dashed line) of Figure A. c) Microscope image of the 

11-mercapto-1-undecanol passivated gold surface. 
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3.2.2. Surface Assisted Urethane (SurfAst) Polymerization 

 

 

Figure 3.17. a) AFM image of the gold surface after eight-step SurfAst urethane 

polymerization. b) Cross-section (black dashed line) of Figure 3.17a. c) 3D 

chart view of Figure 3.17a and cross-section (black dashed arrow). 

 

Figure 3.17a shows the AFM image after eight-step SurfAst urethane 

polymerization (HDI and 1,4-BDO, respectively) reactions on the gold surface. The PU 

interface has formed a sharp edge homogeneously on a non-passivated gold area. The 

average height distribution of the nanoporous PU structure is approximately 70 nm, 

indicating the resulting high yield PU reaction on the gold interface. Considering that 

there is one reaction between BDO and HDI on the gold surface in each step as a result 

of the four sequential (eight-step) reactions of SurfAst urethane polymerization, the 

coating height should be about 9 nm. However, the AFM cross-section analysis shows a 

profile height of more than 9 nm (height profile presented in Figure 3.17b), indicating 

that more than four reactions occurred between BDO and HDI at the gold surface. The 

reason for this phenomenon is that the HDI and BDO monomers could be transported 

between the incubation mediums via non-specific adsorption on the gold surface despite 

rinsing with acetone every step. Thus, the urethane bond can be formed on the surface as 



59 

well as in the liquid phase and be subsequently bound to the gold surface or remain in the 

liquid medium. The most obvious proof is the observation of cloudy polymeric structures 

in the acetone during the isocyanate incubation (fifth step) of the SurfAst urethane 

polymerization. The formation of this cloudy polymeric structure can be explained by the 

supersaturation surface that was formed by the accumulation of monomers adsorbed to 

the surface in previous steps due to the rapid urethane polymerization. As seen in the 3D 

map in Figure 3.17c, hydrogen-bonding between urethane groups and the Van der Waals 

interactions between the CH2 groups of HDI and BDO jointly provide interchain 

interactions and create a nanoporous structure with a certain chain propagation angle on 

the gold surface (see FTIR section).  

 

           

            

Figure 3.18. a) Raman spectrum of the PU interface inset: magnified view of the     

fingerprint region. b) FTIR spectrum of step two and eight. 

a) 

b) 
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A functional group analysis of the PU interface was performed with Raman 

spectroscopy and Fourier transform infrared (FTIR) spectroscopy. The Raman spectra of 

the PU interface is shown in Figure 3.18a. Figure 3.18a shows asymmetric aliphatic C−H 

stretching at 2907 cm-1, symmetric stretching at 2873 cm-1, C−H bending vibration band 

at 1445 cm-1, and CHN group vibration at 1490 cm-1. Hydrogen bond-associated 

secondary urethane (−HN−CO−O−) N−H stretching was found at ca. 3330 cm-1 and 

secondary amide C=O stretching (solid phase) at ca. 1625 cm-1. The peak observed at 

1130 cm-1 was assigned to urethane-attached C - H deformation.76, 78 The Raman 

spectrum confirms that the nanoporous structure is made of urethane bonds. Kojio et al.79 

investigated the FTIR peaks of PU films. The results show that the hydrogen-bonded 

carbonyl stretching band and free one exhibit two characteristic peaks at 1704 and 1730 

cm-1, respectively. As shown in Figure 3.18b, two characteristic peaks at 1734 and 1699 

cm-1 were obtained as a result of the FTIR characterization of the PU interface. Since 

peak densities at 1699 cm-1 decrease slightly as the number of steps increases, it can be 

assumed that the hydrogen-bonded carbonyl stretching decreases marginally. In addition, 

five absorption bands are seen at approximately 1740 and 1730 cm-1 for free carbonyls 

and 1725, 1713, and 1702 cm-1 for hydrogen-bonded carbonyls.80, 81 The remaining three 

peaks were assigned at 1708 and 1718 cm-1 for hydrogen-bonded carbonyl and 1750 cm-

1 for free carbonyl. Hydrogen bonds between hard segments can be interpreted as 

NH···O−C at 1708 cm-1 and binary NH···O−C at 1718 cm-1. FTIR spectroscopy results 

show that there are at least three types of hydrogen bonds at the PU interface (Figure 

3.19). 

 

Figure 3.19. Wavenumbers of the hydrogen bond types.81 



61 

 

       

Figure 3.20. SEM images after SurfAst urethane polymerization. a) 100x, b) 250x, c) 

500x, and d) 1000x. e) Light microscope image after SurfAst 

polymerization. 

 

Figure 3.20 shows the scanning electron microscopy SEM images after SurfAst 

urethane polymerization. Figure 3.20a demonstrates approximately 6 mm2 areas, 

indicating that SurfAst urethane polymerization can be applied uniformly over a large 

area. Increasing the scanning electron microscope (SEM) magnification of the gold 

surface, the image (Figure 3.20b, c, and d) reveals that the nanoporous structure has sharp 

edges and is homogeneously distributed. Also, these SEM results confirm the AFM 

results. Furthermore, the light microscope images shown in Figure 3.20e are similar to 

the SEM images and indicate that the large-area interface with nanopore is readily 

achieved by SurfAst polymerization. 

 

e) 
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Figure 3.21. a, b) AFM images of nanoporous and rod-like structures after SurfAst 

polymerization. c) Adhesion force mapping both nanoporous and rod-like 

structures (rectangular black dashed). d) Adhesive force profile (horizontal 

white dashed line). e) The distribution of area I (left), II (middle), and III 

(right) adhesive force.41 

 

As seen in Figures 3.21a and b, the AFM characterization sharply shows that there 

are two types of nanoporous and rod-like structures on the gold surface. The nanoporous 

structure may be formed by a small number of polyurethane bundles, and the rod-like 

structures could occur via parallel stacking of more polyurethane bundles through 

hydrogen bonding between urethane groups.82 The frequent observation of rod-like 

structures in the AFM image is due to a linear molecular structure of HDI and 1,4-BDO. 

Besides, Mishra et al.83 reported that polyurethane containing linear isocyanate exhibits 

micro-cluster structures consisting of parallel stacking of urethane groups. In addition, 
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Yılgör et al. reported that the symmetry of urethane monomers (HDI / 1,4-BDO) 

contributes to the strong interaction of repeated urethane groups and increases hydrogen 

bond strength. In conclusion, we assume that the symmetry of the monomers of HDI and 

1,4-BDO used in the study contributes to the formation of rod-like areas on the gold 

surface.84, 85 Figure 3.21c is the adhesion force mapping of the rectangular black dashed 

region in Figure 3.21b containing both nanoporous and rod-like structures. In order to 

understand the eligibility of the two types of structures at the gold interface for antifouling 

application, adherence force measurements were made. Thus, the adhesion behavior of 

the two types of formations at the PU interface can be compared with the nN values. As 

seen in the adhesion force mapping Figure 3.21c, the rod-like structure results in a darker 

color while the left and the right areas are lighter and correspond to the nanoporous 

section. This slight color difference may be due to the high interaction of the nanoporous 

structure with the AFM tip as it consists of a loose polymer chain bundle. On the contrary, 

the rod-like structure interacts less with the AFM tip, as it forms a stiff polymer bundle. 

Figure 3.21d shows the adhesion values corresponding to the dashed white line in the 

adhesion force mapping. Figure 3.21e shows the distribution of the area of I (left), II 

(middle), and III (right) adhesive force values. As a result of the distribution of adhesion 

force, the values of the rod-like and nanoporous structures are 13.30 nN and 14.36 nN, 

respectively. This result proves that the PU interface shows a uniform structure with a 

slight difference in adhesion values. 

Figure 3.22 shows the XPS point analysis results and chemical mapping image of 

the PU interface after SurfAst polymerization. Figures 3.22a, b, and c demonstrate the 

XPS spectra of C 1s, N 1s, and O 1s, respectively. In Figure 3.22a, the C 1s spectrum has 

deconvoluted into four peaks. The peak at 284.8 eV corresponds to C-C aliphatic carbons, 

and a minor peak at 283.5 eV is present. The binding energy of ether carbon C-O(C=O) 

and N-(C=O)-O carbamate groups are assigned to 286.0 eV and 288.35 eV. In the N 1s 

spectrum, a sharp peak located at 399.4 eV can be attributed to (O=C)-N groups (Figure 

3.22b). The O 1s spectrum has one broad peak at 531.4 eV corresponding to group C-

(C=O)-O. Also, it can be assumed that peak broadening toward higher energy at 532.5 

eV may refer to ether oxygen in C-(C=O)-O (Figure 3.22c). These results show that the 

XPS point analysis peaks are broader than the XPS results presented in Chapter 2. In 

addition, the XPS point analysis includes all the characteristic binding energy peaks of 

polyurethane. Therefore, the results indicate that polymerization has taken place on the 

gold surface.86-88 
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Figure 3.22.  XPS spectra of a) C 1s, b) N 1s, and c) O 1s chemical mapping results of d) 

C 1s, e) N 1s, and f) O 1s after SurfAst polymerization. g) XPS chemical 

mapping of the PU interface.41 

 

XPS chemical mapping (500 × 400 μm) of the PU interface shown in Figures 

3.22d, e, and f corresponds to the chemical abundance of carbon, oxygen, and nitrogen 

on the gold surface, which is shown in blue, green, and red, respectively. Black regions 

describe the absence of the corresponding binding energy in each representation. C, N, 

and O images are seen in every region where there is a PU interface on the gold surface. 

Figure 3.22g shows the XPS chemical mapping representing the sum of the abundance of 

C, N, and O (purple: PU; yellow: gold surface). The results are consistent with AFM 

topography mapping and SEM images, and these results prove that the nanoporous 

structure is PU on the gold surface. 
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Figure 3.23. a) EFM image after SurfAst polymerization with -1, 0, and +1 V, 

respectively. b) Phase shift profiles.41 

 

Electrostatic force microscopy (EFM) was used to determine long-range 

interactions and local electrostatic characteristics that play a crucial role in protein 

adsorption. Therefore, it has simulated the behavior of the interface against charged 

proteins by realizing the interaction profile of a charged object (AFM tip) on the 

nanoporous PU. All EFM measurements were carried out in double-pass mode with a 40 

nm tip lift, and the EFM image was obtained by applying to the tip 0, +1, and -1 V, 

respectively (Figure 3.23a). Also, Figure 3.23b indicates the EFM phase shift 

measurement corresponding to -1 V, 0 V, and +1 V voltages applied to the tip. The Vtip 

is set to 0 V as a reference measurement, where there is no difference between the gold 

surface and the polymer. When the Vtip is set to -1 V, it causes a phase shift of 0.49° 

between the polymer and the gold surface, while a Vtip set to +1 V causes a phase shift 

of 1.57.° These results show that charged species with +1 V tend to interact more with 

PU on the gold surface than charged species with -1 V charge.27 
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Figure 3.24.  a) Fluorescence image of the PU interface after incubation with Texas Red-

conjugated bovine serum albumin (BSA-T). b) Fluorescence image of the 

PEG-end PU-functionalized interface after incubation with BSA-T. c) 

Fluorescence intensity of PU and PEG-end PU-functionalized interface. d) 

Cyclic voltammogram of PU-functionalized interface (reference electrode: 

Ag/AgCl).41 

 

It has been proven with the results of XPS and AFM that SurfAst urethane 

polymerization gives uniform PU consisting of a nanoporous interface that provides a 

homogeneous surface in large areas. Moreover, the postfunctionalizable nanoporous PU 

shows that it can be designed as a tailoring interface depending on the application. As 

proof of the tailoring interface, the -NCO-end PU chain was reacted with polyethylene 

glycol (PEG 1000) to postfunctionalize at the interface. The hydrophilic polymer chains 

of PEGs could create hydrogen-bonds with numerous water molecules to produce a 

hydration layer. Thence, the PEG offers a passive mechanism to enhance the 

hydrophilicity of the surface and prevent protein adsorption.89 For instance, 

poly(dimethylsiloxane) has an interface energy of 52 mJ/m2 with water while polar 

polymers such as PEG have less than 5 mJ/m2. As a result, amphiphilic biomolecules like 
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proteins exhibit notable adsorption when in contact with a hydrophobic surface to 

minimize interface energy.90 Heuberger et al. reported that the conformational area of the 

PEG chains is modulated in water and that the water content in the PEG-grafted layers is 

above 80% by volume.91 Additionally, the flexibility of the polyether backbone nature of 

a PEG and hydration pressure acting as a barrier creates configurative mobility due to the 

steric excluded volume effects and blocks potential protein adsorption sites. Therefore, 

an antifouling surface is obtained since the entropic energy cost to exceed the excluded 

volume is too high for proteins to adsorb to the surface (Figure 3.26).67 When the 

biomolecule approaches a surface that has a flexible polymer chain, the long-chain is 

compressed to produce elastic repulsion (the mechanism is illustrated in Figure 3.25).92 

 

 

Figure 3.25.    Schematic of the steric hindrance theory.92 

 

Benhabbour et al. stated that dendronization of PEGylated (generations 1 to 4) 

surfaces increased surface hydrophilicity, however, also increased protein adsorption. 

Thus, it has been revealed that PEG chain flexibility is vital in antifouling surface 

modulation.93 Additionally, Sharma et al. investigated the longtime endurance of PEG-

modified silicone surfaces in the biological environment. They demonstrated that surfaces 

retained their protein and cell-repellent properties even after immersion for at least four 

weeks.94  
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Figure 3.26.    Schematic of the steric excluded volume effects.67 

 

Figure 3.24a is the fluorescence image of the PU-coated gold surface after 

incubation with BSA-T. The fluorescence image showed that homogeneous protein 

adhesion occurred at the PU interface. This result also confirms the adhesion force 

mapping result (see Figure 3.4). In contrast, after PEG functionalization, a significant 

drop in the fluorescence intensity of BSA-T has been observed (Figure 3.24b), which 

proves the efficient functionalization of the PEG layer on PU. A significant decrease in 

the fluorescence intensity of BSA-T was observed after the PEG functionalization of the 

PU interface, as seen in Figure 3.24b. Figure 3.24c shows that the fluorescence intensity 

was reduced approximately tenfold by the PEG-end PU surface. This result indicates the 

achievement of PEG functionalization, and the PEG layer presented an efficient 

antifouling property. Cyclic voltammetry measurements were made for the PU interface 

on the gold surface. Figure 3.24d represents the electroactivity of the approximately 70 

nm PU interface with a peak current value of 11 μA. This result proves that the PU-

functionalized gold surface is electroactive. 

 

3.3. Conclusion 

 

Biosensors and implantable bioelectronic systems need a delicate balance at the 

interface between living beings and electronic systems. Metals or semiconductors offer a 

soft and stimulus-sensitive interface, as well as a well-defined interface opportunity. Non-

specific binding generated by irreversible adsorption of bio-macromolecules could 

generate false-positive signals in a bioelectronic interface. To obtain an antifouling gold 

surface, oligo ethylene-glycol (OEG) terminated alkanethiol derivatives were used; 
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nevertheless, the solely OEG layer has limited robustness. By using activators 

regenerated by electron transfer (ARGET) ATRP and surface-initiated atom transfer 

radical polymerization (SI-ATRP) methodologies manufacture bio-repellent polymer 

functionalized surface. However, these methodologies have various drawbacks, like 

laborious steps with numerous chemicals and purification steps.  

The XPS mapping analysis determines the optimum step number values of the 

SurfAst urethane polymerization. These results indicate that the optimum coating yield is 

achieved in six steps. A FTIR (VeeMAX III) spectroscopy and AFM images showed that 

performing SurfAst urethane polymerization with hexamethylene diisocyanate and 1,4-

Butanediol demonstrated self-assembly-like properties by using the optimum condition 

and step number, resulting in an orientation of approximately 90° with respect to the 

surface. The results demonstrate that a novel gold functionalization methodology is 

suitable for the fabrication of the nanoporous polymer interface on a gold substrate. 

In this chapter, the novel SurfAst methodology provides a polyurethane (PU) 

interface that does not need air-tight conditions, degassing, costly catalysts, a high 

number of chemicals, or tedious purification steps. The approximately 70 nm-thick 

nanoporous PU interface on a gold substrate is formed by the sequential incubation of 

HDI and 1,4-BDO. With four sequential (eight-step) reactions between BDO and HDI on 

the gold surface, the coating height should be about 9 nm. Indeed, it could be assumed 

that SurfAst urethane polymerization has occurred with high yield. SEM images and light 

microscope images after SurfAst urethane polymerization indicate that SurfAst urethane 

polymerization can be readily applied homogeneously on a large area with a sharp 

structure. The PU interface on the gold surface consists of two types of structures with 

rodlike domains and nanoporous structures. However, the adhesion force results show 

that rod-like structures that occur via parallel stacking of polyurethane bundles have an 

average of 13.30 nN while nanoporous structures have an average of 14.36 nN. 

Broadening of the XPS spectra peaks of C 1s, N 1s, and O 1s indicates that polymerization 

has taken place on the gold surface, especially when considering the XPS spectra of C 1s 

and N 1s after HDI incubation in Figure 2.10 (Chapter 2). Additionally, chemical 

mapping images of the PU interface represent carbon, oxygen, and nitrogen, and the sum 

of the C, N, and O promotes that the nanoporous structure is made from PU.  

EFM monitoring is used to discover long-range interactions of the charged 

particles on the nanoporous PU. The results indicate that the interface tends to interact 

more with positively charged species, which had a phase shift of 1.57° while the 
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negatively charged species had a phase shift of 0.49°. Following the adhesion force and 

EFM investigation, the PU interface is post-functionalized with PEG 1000 to obtain 

antifouling properties. PEG post-functionalization reduced fluorescence intensity by 

approximately tenfold when compared with the PU interface. The results demonstrate that 

the PEG layer ensures an antifouling property. Additionally, cyclic voltammetry results 

describe the electroactivity of the PU interface with a peak current value of 11 μA. While 

Raman spectrum results show basic and specific all urethane bonds, FTIR spectra show 

that there are three types of hydrogen bonds at the PU interface, which has a mixed 

secondary interaction. 

As a result of this chapter, gold surface functionalization with isocyanate gives a 

high yield, well-defined polymeric structureby using the novel SurfAst urethane 

polymerization method. This PU interface shows homogeneous mechanical and structural 

properties and could be post-functionalized by using active hydrogen compounds. In 

particular, the SurfAst methodology has promised the straightforward fabrication of an 

electroactive bio-interface with the antifouling property. 
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4. CHAPTER 4. 

 

CATIONIC POLYTHIOPHENE GRAFTING ON THE 

GOLD SURFACE 

 

Conjugated polyelectrolytes (CPEs) containing a pendant ionic group on the 

polymer backbone are remarkable materials due to the control of their aromatic structure. 

Electron delocalization is modulated by the aromatic structure that determines the CPEs’ 

optical and charge transport properties and is thus a remarkable material in the field of 

bioelectronics and sensors.95 On the other hand, it has been found that the structural and 

chemical properties of the interfaces of conjugated polymers have a huge effect on device 

performance in the electronics field. The conjugated polymers show various electrical 

performances from the molecular structure and conformation that exhibit varying degrees 

of morphological disorder, from completely amorphous to polycrystalline.96 Although 

microstructure films can be coated on substrates by using various methods (e.g., dip 

coating, spin-coating, and roll-to-roll processing) through secondary interactions, charge 

transport may no longer be valid by disrupting the initial film through the reorganization 

of the polymer chain or the removal of the underlying film on steam or solvent exposure.97  

To overcome the stability problem, covalent bonding by grafting to conjugated 

polymers onto the substrate provides a solution to film instability by providing rigidity 

and solvent resistance to the semiconductor layers of the films. In addition, “freezing” the 

polymer chains in position has been shown to develop the electronic properties of the 

device.96-99 Martin et al. demonstrated that thiol-ene click chemistry offers a simple 

method to graft functionalized poly(thiophene)s’ well-oriented, electroactive, solvent-

resistant, and ultrathin films on SiO2 modified with (3-mercaptopropyl)triethoxysilane 

(Figure 4.1).99 In addition, Davis et al. investigated the effect of photoinduced thiol-ene 

surface grafting on the optoelectronic properties of end-group and side-chain 

functionalized conjugated poly(fluorene).98 
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Figure 4.1. Illustration of thiol-ene grafting (1) monolayer fabrication, (2) spin coat of 

vinyl modified polythiophene, (3) UV light and heat treatment, and (4) 

washing step.99 

 

This chapter investigate the structural effect of surface-assisted (SurfAst) urethane 

polymerization stamped and incubated with 11-mercaptoundecanoic acid on the gold 

surface. Also, the results demonstrate that a methacrylate-end PU interface is post-

functionalized by poly(N-allyl-N-methyl-N-(3-((4-methylthiophen-3-yl)oxy)propyl)prop 

-2-en-1-aminium bromide as cationic polythiophene nanowire via a reaction between 

methacrylate and allyl groups on the gold surface.100 

 

4.1. Materials and Methods 

 

11-mercaptoundecanoic acid, 11-mercapto-1-undecanol, 1,4 butanediol (1,4-

BDO), hexamethylene diisocyanate (HDI), 2-isocyanatoethyl methacrylate, acetone, 

ethanol, and DBTDL 95% were purchased from Sigma-Aldrich. Poly(N-allyl-N-methyl-

N-(3-((4-methylthiophen-3-yl)oxy)propyl)prop-2-en-1-aminium bromide as cationic 

polythiophene was synthesized as described elsewhere.101  Nanosurf AFM (Stat0.2LAuD 

- k = 0.2 N/m, static force) was used for the topographical characterization of gold 

surfaces. To investigate electrostatic properties, electrostatic force microscopy (EFM) 

measurements were applied in double-pass mode with a 40 nm height and charged by 

applying 0V, +2 V, and -2 V at room temperature (Multi75E-G - k = 3 N/m, dynamic 

force, tip lift: 40 nm).  

Stamping procedure: 11-mercaptoundecanoic acid was used for gold surface 

activation. Polydimethylsiloxane (soft lithography - PDMS) stamp was incubated in 1mM 
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11-mercaptoundecanoic acid in ethanolic solution for five minutes. The stamp was dried 

by a jet of nitrogen. The stamp was placed on the gold surface by applying slight pressure 

to ensure good contact and was then passivated to the surface. The stamp remained in 

contact for five minutes, and the gold surface was rinsed with plenty of EtOH. 

The 11-mercaptoundecanoic acid stamped gold surface was incubated with 1mM 

11-mercapto-1-undecanol in ethanolic solution overnight. After incubation, the gold 

surface was rinsed with plenty of EtOH (backfilling procedure). The gold surface was 

incubated with HDI in acetone at 40°C for 20 minutes (step one). Then, the gold surface 

was incubated with 1,4-BDO in acetone at 40°C for 20 minutes (step two). The stamping 

surface experiment consisted of eight steps that included step one and step two, 

respectively (Figure 4.2). 

 

 

Figure 4.2. Fabrication of the stamping surface. 

 

Surface 1: The gold surface was incubated with 1mM 11-mercaptoundecanoic 

acid in ethanolic solution overnight. After incubation, the gold surface was rinsed with 

plenty of EtOH. The gold surface was incubated with HDI in acetone at 40°C for 20 

minutes (step one). Then, the gold surface was incubated with 1,4-BDO in acetone at 

40°C for 20 minutes (step two). The surface 1 experiment consisted of seven steps that 

included step one and step two, respectively. The hydroxyl-end gold surface was 

incubated with 2-isocyanatoethyl methacrylate in the last step (step eight) to obtain 

methacrylate-end PU interface (Figure 4.3). 
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Figure 4.3 Fabrication of surface 1. 

 

Surface 2: Surface 1 (methacrylate-end PU interface) was irradiated with 1.8% 

Irgacure in ethylene glycol (EG) solution (Figure 4.4). 

 

Figure 4.4 Fabrication of surface 2. 

 

Surface 3: Surface 1 (methacrylate-end PU interface) was irradiated with 1.8% 

Irgacure in ethylene glycol (EG) solution with poly(N-allyl-N-methyl-N-(3-((4-

methylthiophen-3-yl)oxy)propyl)prop-2-en-1-aminium bromide (cationic polythiophene 

(PT)) (Figure 4.5).  
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Figure 4.5 Fabrication of surface 3. 

 Surface 4: After RCA cleaning, the gold surface was incubated with HDI in 

acetone at 40oC for 20 minutes (step one). Then, the gold surface was incubated with 1,4-

BDO in acetone at 40°C for 20 minutes (step two). The surface 4 experiment consisted 

of seven steps that included step one and step two, respectively. The hydroxyl-end gold 

surface was incubated with 2-isocyanatoethyl methacrylate in the last step (step eight) to 

obtain methacrylate-end PU interface. After step eight, the gold surface was irradiated 

with 1.8% Irgacure in ethylene glycol (EG) solution with poly(N-allyl-N-methyl-N-(3-

((4-methylthiophen-3-yl)oxy)propyl)prop-2-en-1-aminium bromide (cationic 

polythiophene (PT)). Finally, the gold surface was washed with plenty of water (Figure 

4.6). 

 

Figure 4.6 Fabrication of surface 4. 
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4.2. Results and Discussion 

 

 

Figure 4.7.   a, b) AFM height image and cross-section (black dashed line) after eight 

steps of SurfAst polymerization of the 11-mercaptoundecanoic acid stamped 

gold surface. c, d) AFM height image and cross-section (black dashed line) 

of a magnified view of Figure 4.7a (solid black square). 

 

Figure 4.7a shows the AFM image of the gold surface of eight steps of SurfAst 

polymerization (four sequential reactions between 1,4-BDO and HDI) after the 11-

mercaptoundecanoic acid stamped gold surface and the 11-mercapto-1-undecanol 

backfilling on the gold surface. First, the incubation of hexamethylene diisocyanate (HDI) 

on the gold surface initially could yield the acid-anhydride, which leads to the amide after 

decarboxylation.102 At the second step, an isocyanate functionalized surface (stamped 

area) is then incubated with 1,4-BDO (1,4-butanediol) to form a urethane bond. In the 

third step, the hydroxyl end group of 1,4-BDO remains unreacted and incubated HDI to 

form urethane once again. The multiple sequential incubations yield a nanoporous 

polyurethane (PU) layer with a sharp border on the 11-mercaptoundecanoic acid stamped 

gold surface. In Figure 4.7b, a cross-section image shows the average height distribution 

is 130 nm. In Figure 4.7c, the PU interface shows bundle-like structures that gather 

polymer chains. In Figure 4.7d, the PU interface at the patterned area is found to be 
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various height values between 30 and 90 nm. The average surface roughness is nearly 

150 nm. These results assure that the bundle-like PU structure is obtained by applying the 

SurfAst reaction on the 11-mercaptoundecanoic acid stamped gold surface.   

 

 

Figure 4.8  a) AFM height image and cross-section (black dashed line) of the 2-

isocyanatoethyl methacrylate end gold surface (surface 1). b, c) AFM height 

image and cross-section (black dashed line) of a magnified view of Figure 

4.8a (solid black square). 

       

The incubation of 11-mercaptoundecanoic acid created a self-assembled structure 

on the gold surface. However, a pin hole and other defects may exist in the monolayer on 

the gold surface.103 Sabatani and Rubinstein demonstrated that the pin-hole defects are 

distributed as an array of extremely small ultramicroelectrodes.104 Thus, the SurfAst 

polymerization may start from these pin-hole defects with the gold-isocyanate interaction 

that was demonstrated in Chapter 3.  

Figure 4.7 shows that carboxylic acid groups react with isocyanate. On the other 

hand, SurfAst polymerization can be initiated between the carboxylic acid groups of 11-

mercaptoundecanoic acid, which have weak secondary interactions on the gold surface 

since the reactivity of isocyanates toward carboxylic acids is much lower than the one 

with amines, alcohols, and water.37 Figure 4.8a shows the AFM image of eight steps of 

SurfAst polymerization of the gold surface after incubation with 11-mercaptoundecanoic 

acid. The hydroxyl-end PU interface (step seven) was incubated with 2-isocyanatoethyl 

methacrylate in the last step (step eight), and a methacrylate functionalized surface was 
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obtained. Figures 4.8b and c show the AFM height image and cross-section of a magnified 

view of Figure 4.8a. While an interwoven thread-like PU structure has a 40 nm area 

roughness, the well-ordered 11-mercaptoundecanoic acid region has a 7 nm area 

roughness that is similar to the bare gold surface’s roughness. Also, interwoven thread-

like PU structures have centers with an average 40 nm height and fibers with ~200 nm 

width (7 nm height profile) and ~1µm length. These results demonstrate that a thread-like 

PU interface yielded on the gold surface, which increases the roughness of the surface. 

  

 

Figure 4.9.  a) EFM image of the 2-isocyanatoethyl methacrylate end gold surface 

(surface 1) with -2, 0, and +2 V, respectively. b) Phase shift profiles. 

 

EFM is used to determine the electrostatic interactions that are assumed to be 

long-range interactions of interwoven thread-like PU structures. Considering the 

differentiation of the phase to the tip voltage graph of the interwoven thread-like PU 

structures and the gold surface, the tip voltage was chosen as ±2 volts; also, the tip voltage 

0 V was carried out to reference the EFM measurement in Figure 4.9a. All EFM 

measurements were conducted in double-pass mode with a 40 nm second tip lift in 

Chapter 4. Figure 4.9b represents the EFM (phase shift) measurement for ±2 volts and 

the tip voltage 0V. In Figure 4.9b, the Vtip set to -2V causes a 2.30° phase shift between 

the polymer and the gold layer. When the Vtip is set to +2V, it causes a 1.80° phase shift 

between the polymer and the gold layer. These results show that negatively charged 

species cause slightly stronger electrostatic interactions than positively charged species.  
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Figure 4.10  a) AFM height image of UV curing after 2-isocyanatoethyl methacrylate-

end surface (surface 2). b, c) AFM height image and cross-section (black 

dashed line) of a magnified view of Figure 4.10a (solid black square). 

 

Figure 4.10a shows the AFM image after the gold surface 1 was irradiated with 

1.8% Irgacure in ethylene glycol (EG) solution. A self-assembled monolayer structure 

has a highly ordered structure with a secondary interaction between thiol molecules on 

the gold surface, which creates an antifouling surface that decreases the tendency to 

react.105 Methacrylate groups on the gold surface could be interconnected by UV 

irradiation; therefore, the PU interface could fabricate a woven-like structure. Figures 

4.10b and c show the AFM height image and cross-section of a magnified view of Figure 

4.10a. While a woven-like PU structure has a 100 nm area roughness, the well-ordered 

11-mercaptoundecanoic acid region has a 6 nm area roughness that is similar to the bare 

gold surface’s roughness. Also, woven-like PU structures have dense centers with an 

average 80 nm height and fibers with ~300 nm width (13 nm height profile) and ~2µm 

length. These results demonstrate that a woven-like PU yielded on the gold surface, which 

increases the roughness of the surface. 
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Figure 4.11  a) EFM image of UV curing after 2-isocyanatoethyl methacrylate-end 

surface (surface 2) with -2, 0, and +2 V, respectively. b) Phase shift profiles. 

 

EFM is used to determine the electrostatic interactions that are assumed to be 

long-range interactions of woven-like PU structures at atmospheric pressure. Considering 

the differentiation of the phase to the tip voltage graph of the woven-like PU structures 

and the gold surface, the tip voltage was chosen as ±2 volts; also, the tip voltage 0V was 

carried out to reference the EFM measurement in Figure 4.11a. Figure 4.11b represents 

the EFM (phase shift) measurement for three different voltages applied to the tip. In 

Figure 4.11b, the Vtip set to -2V causes a 1.53° phase shift between the polymer and the 

gold layer. When the Vtip is set to +2V, it causes a 1.70° phase shift between the polymer 

and the gold layer. These results show that positively charged species cause almost the 

same electrostatic interactions as negatively charged species. 

 



81 

 

Figure 4.12. a, b) AFM height image of UV curing Poly(N-allyl-N-methyl-N-(3-((4-

methylthiophen-3-yl)oxy)propyl)prop-2-en-1-aminium bromide) on the 2-

isocyanatoethyl methacrylate-end gold surface (surface 3). c, d) Cross-

section (red dashed line). 

 

Figures 4.12a and b show the AFM image after the gold surface 1 was irradiated 

with 1.8% Irgacure in ethylene glycol (EG) solution with cationic polythiophene. 

Methacrylate groups could be linked with an allyl group of cationic polythiophene by UV 

irradiation on the gold surface; therefore, the PU interface could fabricate a nanowire PT 

structure.100 Our group has recently demonstrated that ethylene glycol is a good solvent 

of cationic polythiophene and obtained single-chain cationic polymer dots (Pdots) 

structure using a water-ethylene glycol solvent system.106 In addition, since the cationic 

polymer swells in ethylene glycol as a good solvent, the good solvent can increase the 

reaction efficiency between the acrylate group on the gold surface and the allyl group of 

the cationic polymer. Chen et al. synthesized a regioregular poly(3-hexylthiophene)-

block-poly(3-bromohexylthiophene) (P3HT-b-P3BrHT) block copolymer with various 

block ratios.107 Nanowire structures induced by pi-pi stacking were obtained in P3HT-b-

P3BrHT with 70:30 and 50:50 block ratios. They also showed that P3BrHT content higher 

than 50% significantly disrupted the polymer chain and reduced crystallization. On the 
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other hand, Danielsen et al. synthesized the P3BrHT:P3HT copolymer and obtained 

charge ratios ranging from 0 to 1 by the Menshutkin amine quaternization reaction. The 

results showed that the persistence lengths of all charge ratios were approximately 3 nm, 

which indicates that electrostatic rigidity is ineffective for conjugated polyelectrolytes 

with pendant charges in dilute solutions.95 According to the study, nanowire PT could be 

considered a mixture of semiflexible or rigid rod structures of polymer backbone 

behavior. Figures 4.12c and d show the AFM image and the cross-section, respectively. 

While a nanowire PT structure has a 70 nm area roughness, the well-ordered 11-

mercaptoundecanoic acid region has a 5 nm area roughness that is similar to the bare gold 

surface’s roughness. The nanowire PT structure shows dense centers with an average 100 

nm height and fibers with ~250 nm width (12 nm height profile) and ~7µm length.  

Figure 4.13. a) EFM image of UV curing Poly(N-allyl-N-methyl-N-(3-((4-

methylthiophen-3-yl)oxy)propyl)prop-2-en-1-aminium bromide) on 2-

isocyanatoethyl methacrylate-end gold surface with -2, 0, and +2 V, 

respectively (surface 3). b) Phase shift profiles. 

 

Considering the phase shift of the nanowire PT structure and the gold surface, the 

tip voltage was chosen as ±2 volts, and 0V was carried out to reference the EFM 

measurement (Figure 4.13a). Figure 4.13b represents the EFM (phase shift) measurement 

for three different voltages applied to the tip. In Figure 4.13b, the Vtip was set to -2V, 

causing a 3.81° phase shift between the nanowire PT structure and the gold layer. When 
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the Vtip was set to +2V, it caused a 2.74° phase shift between the nanowire PT structure 

and the gold layer. These results show that negatively charged tip cause stronger 

electrostatic interactions than positively charged species due to the effect of the cationic 

polythiophene on the gold surface.  

 

Figure 4.14. a) AFM height image of UV curing Poly(N-allyl-N-methyl-N-(3-((4-

methylthiophen-3-yl)oxy)propyl)prop-2-en-1-aminium bromide) on the 2-

isocyanatoethyl methacrylate-end PU interface on the gold surface (surface 

4). b and c) AFM height image and cross-section (red dashed line) of a 

magnified view of Figure 4.14a (solid black square). 

 

Chapter 3 presents a well-defined and homogeneous PU interface with SurfAst 

urethane polymerization by utilizing the isocyanate modified gold surface. Figure 4.14a 

shows the AFM image height image of UV curing cationic polythiophene on the 2-

isocyanatoethyl methacrylate-end PU interface on the gold surface (surface 4). Surface 4 

can be considered the control surface to prove whether the cationic polythiophene is 

grafted to the surface. While 11-mercaptoundecanoic acid forms the ground of surface 1, 

2, and 3, the PU interface composes the basis of the surface on surface 4. Therefore, the 

average surface roughness of surface 4 of the non-grafted area (surface region without 

the cationic polythiophene) is 50 nm, while the previous surfaces are around 5 nm. These 

results show that the PU interface can be post-functionalized by the reaction between the 

acrylate group-end PU surface and the allyl group of the cationic polymer. Figure 4.14a 

shows that the cationic polythiophene is formed by many short filament-like structures 
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growing from a center. It could be assumed that the PU structures were fabricated using 

the grafting from methodology and the nanowire PT structures were fabricated using the 

grafting to methodology. It is observed that the PU structures give a higher yield polymer 

brush, while the nanowire PT structures provide a lower yield grafting on the gold surface 

as discussed in Chapter 1 (1.4.1 Grafting from and Grafting to Methodologies) where the 

grafting methodologies are compared. The cationic polythiophene grafted area has a 170 

nm area roughness with an average 120 nm height of the center and filament-like 

structures with ~240 nm width (40 nm height profile) and ~1.5 µm length (Figures 4.14b 

and c). 

 

 

Figure 4.15  a) EFM image of UV curing Poly(N-allyl-N-methyl-N-(3-((4-

methylthiophen-3-yl)oxy)propyl)prop-2-en-1-aminium bromide) on the 2-

isocyanatoethyl methacrylate-end PU interface on the gold surface (surface 

4) with -2, 0, and +2 V, respectively. b) Phase shift profiles. 

 

To determine the phase shift of the nanowire PT structure on the PU surface, the tip 

voltage was chosen as ±2 volts, and 0V (Figure 4.15a). Figure 4.15b represents the EFM 

(phase shift) measurement for three different voltages applied to the tip. In Figure 4.15b, 

the Vtip was set to -2V, causing a 3.28° phase shift between the nanowire PT structure 

and the PU layer. When the Vtip was set to +2V, it caused a 1.12° phase shift between 

the nanowire PT structure and the PU layer. These results show that negatively charged 

tip cause three-fold stronger electrostatic interactions than positively charged species due 

to the effect of the cationic polythiophene on the PU surface. 
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       Wavenumber (cm-1) 

Figure 4.16.  FTIR spectrum of surface 3. 

 

A functional group analysis of cationic polythiophene grafted on the gold surface 

was performed by Fourier-transform infrared (FTIR) spectroscopy. As shown in Figure 

4.16, the FTIR spectrum of the gold surface exhibits in-plane vibration C=C of thiophenes 

at 1403 cm-1 and 1225 cm-1. C-S symmetric stretching is found at 835 cm-1 while C-S 

asymmetric stretching is found at 895 cm-1. Also, the peak observed at 760 cm-1 could be 

attributed to a ring deformation vibration.76 

 

4.3. Conclusion 

 

In the electronics field, it has been noted that the structural properties and 

chemical stability of conjugated polymers on the surface have a huge effect on device 

performance. In this chapter, we investigate the structural properties of grafting to 

poly(N-allyl-N-methyl-N-(3-((4-methylthiophen-3-yl)oxy)propyl)prop-2-en-1-aminium 

bromide as a conjugated polymer by using the surface-assisted (SurfAst) urethane 

polymerization method on the stamped/incubated 11-mercaptodecanoic acid gold 

surface. 
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Figure 4.17.  AFM height image comparison of a) Surface 1, b) Surface 2, c) Surface 3, 

and d) Surface 4. 

 

In summary, the grafted area of surface 1 has the lowest roughness, which could 

be due to the separate acrylate groups that form when UV irradiation does not perform. 

After the UV was applied to surface 1 has more than twofold the surface roughness value 

(surface 2). The non-grafted area on the gold surface has area-roughness values very 

similar at surfaces 1, 2, and 3 because the non-grafted area consists of SAM units of 11-

mercaptoundecanoic acid, and there is no additional polymeric interface. However, since 

there are no SAM units of 11-mercaptoundecanoic acid on surface 4, the non-grafted area 

(PU interface) has an area roughness of about 40 nm. UV irradiated surfaces could be 

assumed, as the growing filaments start from a center (Figure 4.17). The central heights 

of the cationic polythiophene grafted surfaces are similar; however, the center height of 

the UV irradiated surface without cationic polythiophene (surface 2) is lower. This may 

be caused by the cationic polythiophene reactions with the 2-isocyanatoethyl 

methacrylate-end gold surface, which result in a higher graft center with an increased 

amount of polymer (Table 4.1). 
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Figure 4.18 shows EFM images (-2V) comparison of surface 1, surface 2, surface 

3, and surface 4. The phase shift values of the EFM images that show similar images to 

the AFM height images are 2.30°, 1.53°, 3.81°, and 3.28°, respectively. The phase shift 

values of surfaces 3 and 4 containing cationic PT nanowires are similar while higher than 

surfaces 1 and 2. This significant change in phase shift value could be assumed as an 

alternative characterization technique of grafting to PT nanowire by using EFM. 

 

Figure 4.18. EFM image comparison of -2V a) Surface 1, b) Surface 2, c) Surface 3, and 

d) Surface 4. 
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Table 4.1. The comparative results of AFM height images between surface 1, surface 2, 

surface 3, and surface 4. 

  

 

 

 

 

 

 

Roughness 

(grafted-area) 

40 nm 100 nm 80 nm 170 nm 

Roughness 

(non-grafted-

area) 

10 nm 5 nm 4 nm 35 nm 

Center height 40 nm 80 nm 100 nm 120 nm 

Width/ 

height 
200nm / 7 nm 300nm / 13 nm 250nm / 12 nm 300 nm / 40 nm 

Length 1 µm 2 µm 7 µm 1.5 µm 

EFM   

-2V/+2V 

2.30
o

/1.80
o

 1.53
o

/1.70
o

 3.81o/2.74o 

 

3.28o/1.12o 
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To conclude, the AFM images show that the eight steps of SurfAst polymerization 

of 11-mercaptoundecanoic acid stamped on the gold surface yield a bundle-like 

polyurethane (PU) layer with a sharp border and an average height distribution of 130 

nm. After the gold surface was incubated with 11-mercaptoundecanoic acid, the 2-

isocyanatoethyl methacrylate-end SurfAst polymerization (surface 1) provided an 

interwoven thread-like PU structure with an average 40 nm height and fibers with ~200 

nm width (7 nm height profile) and ~1µm length. The irradiation of surface 1 with the 

presence of 1.8% irgacure in ethylene glycol (EG) solution could be initiated with a 

reaction between methacrylate groups, which fabricated woven-like PU structures 

(surface 2) with an average 80 nm height, fibers ~300 nm width (13 nm height profile), 

and ~2µm length. In addition, the irradiation of surface 1 with the presence of 1.8% 

irgacure and cationic polythiophene in ethylene glycol (EG) solution could be initiated 

with a reaction between methacrylate groups and cationic polythiophene, which 

fabricated rod-like PU-PT structures (surface 3) with an average 100 nm height, fibers 

~250 nm width (12 nm height profile), and ~7µm length.   
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5. CHAPTER 5 

6.  

7. NANOGEL FORMATION BY REACTIVE LAYER-BY-

LAYER ASSEMBLY 

 

Reactive layer-by-layer assembly (rLBL) is a multilayered grafting technique that 

ensures a robust, post-functionalizable, erosion-resistant polymer coating on solid 

substrates.21, 108 Unlike non-covalent LBL assembly, which utilizes electrostatic 

interactions, host-guest interactions and hydrogen bonding, rLBL is formed by the fast 

cross-linking reaction of functional groups between at least two different polymer layers 

at the interface. Previous studies have utilized condensation reactions between carbonyl 

groups and nucleophiles for the rLBL. Bergbreiter et al. performed the utilization of 

poly(maleic anhydride)-c- poly(methyl vinyl ether) copolymer as an electrophile to 

ensure the nucleophilic attack of amine- or hydroxyl-terminated generation five (G5) 

poly(amidoamine) or G5 poly(iminopropane-1,3-diyl) dendrimers.109-111 Lynn et al. 

demonstrated the stepwise LBL nucleophilic addition of the amines of polyethyleneimine 

(PEI) to the carbonyl group of poly(2-vinyl-4,4- dimethlyazalactone).112 Caruso group 

utilized Cu (I) catalyzed azide-alkyne [3 + 2] cyclo-additions to form 1,2,3-triazole for 

rLBL on quartz substrates.113 Hawker et al. demonstrated that [3 + 2] cycloadditions could 

be used for LBL assembly on silicon wafers.114 

Ultra-high stiff free-standing rLBL thin films with a tensile strength of 15.6 GPa 

approaching hard ceramics have been demonstrated by Kotov et al.115 Decher et al 

proposed epoxy/PEI to improve the abrasion resistance of rLBL, and the rLBL covered 

films showed 2% loss after 25 abrasion cycles.116 The rLBL methodology has also been 

used to increase the antifouling properties of the surface and free-standing films. Post-

modification of polyacrylic acid (PAA) and  PEI multilayers with polyethylene glycol 

(PEG) provided good protection against biofouling for five months with surface 

wettability.117 In addition, rLBL methodologies have been used to increase the 

biocompatibility of substrates.118-120  

Electrodes modified with rLBL provided a wide range of advantages like high 

anti-corrosive properties, stable detection performances after long device storage, and 

capacity loss after charge-discharge cycles.121-128 Well-designed rLBL modified 
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electrodes ensure numerous benefits in biosensor technologies, like increasing the 

biocompatibility of the electrode, controlling electron transfer, creating protective layers 

to control diffusion, and increasing probe immobilization efficiency.129-131 For instance, 

Qu, F. et al. showed that rLBL nanogel modified with ferrocene can be used for the 

electrochemical determination of glucose. The glucose biosensor with high sensitivity, 

wide linear range, short response time, and good stability has been achieved in favor of 

improved enzyme loading and efficient electron transfer; however, the nanogel does not 

covalently bond to the electrode surface (Figure 5.1).132 Freeman, M. et al. carried out 

research on nanomaterial-supported electrochemical detection with an amperometric 

glucose biosensor having hexanediol-protected gold nanoparticles (NP) in a xerogel 

matrix.133 Zhai, D. et al. Fabricated the glucose sensor with a Pt nanoparticle 

(NP)/polyaniline (PAni) heterostructured hydrogel that combined the advantages of both 

a nanoparticle catalyst and a conductive hydrogel with its three-dimensional porous 

structure.134  

 

 

Figure 5.1 Illustration of hydrogel prepared from ferrocene modified amino acid as a 

highly efficient immobilization matrix.132 

 

In the Chapter 3, it was shown that the nanometer-sensitive height control is 

achieved by a surface assisted (SurfAst) urethane polymerization methodology based on 

gold-isocyanate interaction. This chapter mainly involves forming nanometer-thick gels 

using an isocyanate-gold interaction for the rLBL methodology with the aza-Michael 

addition reaction of branched polyethyleneimine (BPEI) and polyester with triple bonds. 

A homogeneous nanogel coating produced by rLBL assembly via the rapid condensation 

reaction of the -NH2 groups of BPEI and the alkyne group of PE on a gold surface was 

obtained. This soft biointerface may be useful for bioamperometric type glucose sensors, 

as the nanogel property can maintain the distance between the layers and provide 
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openings that facilitate charge/substance transfer.133, 134 Moreover, while the 3D network 

of rLbL can enhance enzyme loading ability, the NH2 terminated structure could 

potentially be a scaffold for cell adhesion, DNA immobilization, and protein 

adsorption.135-138   

 

5.1.    Materials and Methods 

 

Dibutyltin dilaurate, 11-mercapto-1-undecanol, branched polyethyleneimine, 

hexamethylene diisocyanate, and ferrocene carboxaldehyde were purchased from Sigma 

Aldrich. Polyester (PE) was synthesized as reported by a previous study.139 PerkinElmer 

Spectrum 100 FTIR with VeeMAX III Accessory was utilized for infrared measurements. 

A topographical characterization of nanogel was performed by using Nanosurf AFM 

(Stat0.2LAuD: k = 0.2 N/m). An XPS analysis was done at a pass energy of 30 eV. Al 

Kα Monochromatic beam was used with a spot size of 50 μm. A 160 mM HDI solution 

was prepared with 90 x 10-3 mM DBTDL catalyst in acetone. In the first step, the gold 

surface was incubated in the HDI solution at 40°C for 30 minutes to functionalize with -

NCO. After incubation, the gold surface was sonicated with chloroform, and the unbound 

HDI molecule was removed from the surface. In the second step of rLBL, the gold 

substrate was incubated in 1.2 mM BPEI of chloroform at 40°C for 30 minutes. The gold 

surface was sonicated with chloroform and the unbound BPEI polymer was removed from 

the surface. In the third step of rLBL, the gold substrate was incubated in chloroform 3.4 

mM PE solution for 30 minutes at room temperature. The gold surface was rinsed by 

sonication with chloroform. The 6-multilayered rLBL assembly was obtained by 

repeating the PE and BPEI incubation steps for further layers. Branched 

polyethyleneimine modified with ferrocene carboxaldehyde (Fc-BPEI) to obtain a redox-

active polymer was synthesized as described elsewhere.140 

 

 

Figure 5.2 Reaction between PE and BPEI. 
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Figure 5.3 Illustration of multilayered rLBL assembly.141 

 

Figure 5.3 illustrates that the nanogel structure was formed by rLBL assembly 

with the use of polyester (PE) with triple bonds and BPEI on an isocyanate-functionalized 

gold surface. In the previous chapter, it was shown that HDI interacts with the gold 

surface, and the gold surface is functionalized with isocyanate groups.41 In order to obtain 

6-multilayered rLBL assembly, isocyanate functionalized gold surface is incubated with 

BPEI. The BPEI has grafted onto the gold surface with the formation of urea groups 

between the amine groups and isocyanate groups. A polyester with an internal electron-

deficient triple bond (PE) is incubated with the BPEI-grafted surface. The PE gives an 

aza-Michael addition reaction using primary amines of BPEI.142 The reacting triple bonds 

form a double bond and the PE is grafted onto the gold surface within fast and high yield. 

The aza-Michael reaction is a nucleophilic addition reaction involving BPEI as Michael 

donors and electron-deficient polymer PE as Michael acceptors. E-isomers in the final 

structures are in the range of 89-94% in the reaction that takes place in a 90% yield (Figure 

5.2).141-143 The nanogel is formed with 6-multilayered rLBL assembly of BPEI and PE, 

respectively on the gold surface. After the sequential rLBL assembly, a nanogel form 

containing triple bonds, double bonds, and primary amine groups is obtained. Thus, a 

post-functionalizable nanogel form could be performed on the gold surface. 
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5.2. Results and Discussion 

 

Figure 5.4 a) AFM image of the of 6-multilayered rLBL nanogel (the square region 

passivized). b, c, d, and e) Cross-section analysis of various region. 

a) 

b) 

d) e) 

c) 
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The gold surface is passivated with 11-mercapto-1-undecanol to discover the 

average height distribution of the nanogel. Figure 5.4a shows the AFM image of the 

nanogel formed after the rLBL assembly on the gold surface. Also, Figure 5.4a shows 

that the nanogel structure has a sharp square pattern after rLBL assembly. The average 

height is approximately 400 nm, indicating that the resulting high yield rLBL on the gold 

interface formed a sharp edge homogeneously. Figures 5.4b, c, and d show the cross-

section of the PE-PEI of various regions of the rLBL assembly to understand deposition 

behavior. The average height of the formed nanogel is approximately 370 ± 60 nm. It 

shows that the nanogel has homogeneous height distribution; thus, PE and BPEI do not 

have random agglomeration behavior on the surface. This result may show that at each 

step of the rLBL assembly, the surface is saturated with the respective polymer and is 

equally functional for the next assembly. 

 

Figure 5.5    AFM height images a) shortly after rLBL (swollen) b) 3 days after rLBL 

(non-swollen). c) Cross-section of the swollen and unswollen surface. 

a) 

b) 

c) 

a 

b 
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The additional measurement of AFM shown in Figures 5.5a and b shows the 

chloroform-loaded rLBL nanogel and the chloroform-free form, respectively. The results 

revealed that the chloroform-loaded rLBL showed a less protruding and smoother 

topography than the chloroform-free form. In terms of surface area roughness of 9 µm2, 

the chloroform-loaded rLBL had a roughness of 63 nm while the chloroform-free rLBL 

had a roughness of 74 nm. As a general view, it can be assumed that the pores that increase 

the roughness of the surface are formed by removing the solvent from the gel network. 

Therefore, the cross-section analysis shown in Figure 5.5c ensures that the number of 

protrusions per unit distance of rLBL films increased compared to the chloroform-loaded 

form between the first and third days of solvent evaporation. Also, as a result of solvent 

removal, the chloroform-free form of the nanogel exhibits significantly lower height 

profiles compared to its chloroform-loaded nanogel form. Once the solvent molecules are 

removed from the nanogel, the rLBL increases the roughness as a result of the collapse 

of the nanogel while the height decreases. These results could assume that the 6-

multilayered rLBL has organogel characteristics due to the swelling behavior with 

chloroform. To obtain statistically reliable roughness, several cross-sectional analyses 

shown in Figure 5.6 demonstrate that the roughness is more distributed along the z-axis 

for unswollen nanogel compared to swollen. The 40x40 µm2 area roughness of the 

swollen nanogel was 401.3 nm. After 3 days of solvent evaporation, the nanogel area 

roughness increased by around 19% of the swollen roughness and was found as a 477.2 

nm. Since the area roughness was found to be 19% greater for the unswollen nanogel, it 

can be assumed that the area roughness increases significantly with solvent evaporation. 
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Figure 5.6    The cross-section of the swollen and unswollen sample held three days in 

the room conditions for air dry. After the first and third days, measurements 

were taken from the same regions of the sample, respectively. The rLbL 

nanogel surface points out the maximum and minimum point of the surface 

and thee average height difference. 

 

 

 

Figure 5.7 FTIR spectrum of bulk gel and the 6-multilayered rLBL coated gold surface. 
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Figure 5.7 shows the FTIR spectrum of bulk gel and the 6-multilayered rLBL 

coated gold surface. The alkyne chain triple bond (C≡C) stretching is observed at 2046 

cm-1 and 2112 cm-1; however, the (C≡C) stretching is absent in the bulk gel spectrum. 

This result indicates that the reaction takes place in high yield between polymer chains in 

the bulk gel synthesis. On the contrary, in the rLBL that occurs on the gold surface, the 

polymer is grafting to the surface, and it could be assumed that the polymer motion is 

restricted. Therefore, results indicate that the 6-multilayered rLBL has triple bonds that 

provide post-functionalization. Both the bulk gel and the 6-multilayered rLBL show C-

O-C asymmetrical stretching, and symmetrical stretching occurs at 1261 cm-1 and 1023 

cm-1, respectively. Also, the absorption band at 1588 cm-1 assigned to the N-H bending 

of amines and N-H stretching appears at 3332 cm-1.76 

 

 

 

Figure 5.8    a) Light microscope image. b) XPS spectra of c) Au 4f and C 1s. d) Chemical 

group representation corresponding to the XPS spectra of Figure 5.8c.141 
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The microscope image of the patterned PE-PEI gel obtained with 6-multilayered 

rLBL is shown in Figure 5.8a. Black arrows indicate the polymer and gold regions where 

the XPS point analyses have been carried out. Figure 5.8b shows the XPS spectra of Au 

4f corresponding to the Au 4f5/2 peak at 87.71 eV and the Au 4f7/2 peak at 84.08 eV.The 

C 1s spectrum of the 6-multilayered rLBL shown in Figure 5.8c is fitted into seven peaks. 

The binding peaks at 288.43 eV (FWHM: 1.57) and 287.61 eV (FWHM: 1.14) can be 

attributed to the C=O (1) PE and C-O (2). The binding energy of 286.26 eV is the major 

peak corresponding to the reaction between PE and BPEI on the gold surface. González-

Torres et al. described the structure of a possible union of three pyrroles Py and ethylene 

glycol EG molecules at 286.39 eV that indicated a C=CN-C bond, which are the bonds 

of Py-Py.144 The bond formed as a result of the reaction between PE and PEI could be 

assumed similar to the polypyrroles.145, 146 Thus, the binding energy of C=C-N-C (3) can 

be defined as 286.26 eV (FWHM: 1.39). The peaks found at 284.08 eV (FWHM: 0.92) 

and 285.49 eV (FWHM: 1.18) can be attributed to the groups C = CH-C (6) and C-N 

(4).47 Also, the binding energy peak of the C-N bond resulting solely from the presence 

of BPEI is remarkable. The binding energies at 284.77 eV (FWHM: 1.01) and 283.33 eV 

(FWHM: 0.79) correspond to C≡C (7) triple bonds and C-C (5) aliphatic carbons.147 

These XPS point analysis results demonstrate that rLBL assembly is formed by reacting 

BPEI and PE polymers on the gold surface. The binding energy area of the C=CN–C 

bond at 286.26 eV and the C≡C triple bond at 283.33 eV corresponds to reacted PE and 

free PE C≡C triple bond, respectively.  

The ratio of the sum of the binding energy area values of 283.33 eV and 286.26 

eV (from the top to 400 nm etch depth) reveals that 86% of the carbon triple bonds of PE 

reacted with BPEI while 14% unreacted. It can be assumed that the reaction, which takes 

place in the solution with a yield above 90%, is coated on the surface with high 

efficiency.141, 142 
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Figure 5.9     a) Atomic percentage of carbon and nitrogen on the gold surface and etching 

depth versus peak area of b) C=C-N-C and c) C-N and C-N. d) Illustration 

of XPS depth profiling results of rLBL assembly. 

 

XPS depth profiling analysis is a significant method used to disclose the inner 

composition of layer-by-layer films.148-150 Taketa et al. has revealed nano-structured 

coatings of PSS / CHI and CMC / CHI (sodium polystyrene sulfonate (PSS), chitosan 

(CHI), and carboxymethylcellulose (CMC)) electrostatic interactions as model systems 

on a silicon substrate with depth profile XPS analysis.151 The study reported that the inner 

composition of LBL films is well-defined in terms of thickness/cycle (nm) for the ratio 

of polymer. Thus, XPS depth profiling analysis was carried out to reveal the average 

thickness of the 6-multilayered rLBL assembly. Figure 5.9a shows the change in atomic 

percentage of carbon and nitrogen values with increasing depth. There are two semicircle-

like, slightly upward slopes in the carbon percentage and two semicircular-like slightly 

downward slopes in the nitrogen percentage change. With the change of nitrogen 

percentage, BPEI corresponding to the topmost layer can be related to the first peak at 48 

nm. After the first peak, an increase in the carbon percentage is monitored while the 

nitrogen percentage decreases. The first peak of the percentage carbon, which can also be 
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assigned with the fifth layer, is 173 nm, and the corresponding percentage of nitrogen has 

a relatively low value. The peak of the percentage of nitrogen at 238 nm and the 

percentage of carbon at 350 nm can be related to the fourth and third layers. Also, the 

peak at 390 nm of the nitrogen percentage can be associated with the second layer. A 

binding energy corresponding to 286.36 eV belongs to the C = C-N-C bond formed by 

the reaction of PE and BPEI. Figure 5.9b demonstrates the etching depth corresponding 

to the peak area at 286.36 eV. In Figure 5.9b, the densest bond between PE and BPEI 

could point out peaks at 72 nm, 141 nm, 237 nm, and 356 nm, respectively, and can 

indicate the transition point between polymers. BPEI has a low thickness in the second 

layer, while PE has a relatively high thickness in the third layer. The reason for the thin 

layer in BPEI in the second layer may be attributed to the density of the NCO functional 

group formed in the first layer, which is less than the density of the NH2 functional group 

ratio in BPEI. Thickness values of 237 nm, 141 nm, and 72 nm stand out as almost equal 

thickness values in the following layers, indicating that the polymers were uniformly 

grafted. Figure 5.9c demonstrates the peak areas with parallel increase and decrease 

correlations of the 285.49 eV (C-N) and 399.07 eV (C-N) binding energies related to the 

etching depth. Figure 5.9d illustrates the scheme of the XPS depth profile analysis 

depicted according to the C=C-N-C peak (thickness) values in Figure 5.9b. As a result, 

layers with densified regions in terms of PE and BPEI polymers are obtained, as well as 

a mixed inner composition of the 6-multilayered rLBL films containing more or less two 

polymers in each layer. 
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Figure 5.10 a) Scheme of Fc-BPEI rLBL. b) The cyclic voltammogram of six-

multilayered rLBL gold electrode (with ferrocene carboxyaldehyde (Fc) 

modified BPEI), at 10 and 50 mV/s scan rate in 0.01M PBS buffer which 

did not include Fe4(CN)6 as a redox. Buffer solution pH is 7.  

 

The BPEI backbones were modified with ferrocene carboxaldehyde to obtain a 

redox-active polymer. The high amine density of BPEI allows pre-functionalization with 

Fc and then could be utilized for rLBL assembly (Figure 5.10a). Figure 5.10b shows a 

cyclic voltammogram that the electroactivity of the ferrocene anchored rLBL without any 

free redox couple as a mediator in the electrolyte solution. The current density and the 

peak separation are decreased with the decrease of the scan rate. Also, the distinct anodic 

and cathodic currents observed at the low scan rate indicate a slow electron transfer. The 

anodic peak current is 2.6 μA and the cathodic peak current is 1.5 μA for scan rate 

10mV/s. 

 

5.3. Conclusion 

 

In Chapter 2, a surface polymerization owing to the strong interaction (~ 900 

meV) of the isocyanate functional group with the gold surface was described. This chapter 

presents the aza-Michael addition reaction of PE and BPEI to form rLBL film on an 

isocyanate functionalized gold surface. The soft nanogel fabricated with the rLBL 

methodology could potentially present three advantages over traditional methods:  

a) b) 
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(i)  As mentioned in Chapter 2, the incubation of diisocyanate is a fast (less 

than 30 minutes for modification) and powerful modification methodology compare to 

gold-thiol chemistry.  

(ii)  Most LBL films are obtained on the surface by solvent exclusion, while 

the method defined presents a gel coat that promotes electron and mass transfer towards 

the electrode.  

(iii)  Presented rLBL method has the possibility of pre- or post-modification of 

the gel coat. It can be easily achieved to respond quickly to many analytes through rapid 

electron and ion movement.  

A homogeneous and well-defined, patterned nanogel coat on the gold substrate is 

formed, and the 6-multilayered rLBL gel has a thickness profile of 400 nm that is 

characterized by utilizing AFM. rLBL films exhibit an organogel-like behavior with 

solvent-related swelling and shrinkage features on the gold substrate. This feature could 

ensure openings in the mesh structure that readily permit the transfer of matter and charge 

by maintaining the distance between the reacting multiple layers. The XPS point analysis 

of rLBL films confirms that the layers are composed of covalently reacting groups, and 

FTIR spectra confirm unreacted functional primary amine groups (NH2) and carbon-

carbon triple bonds. The XPS depth profiling analysis reveals the inner composition of 

layer-by-layer films that determine the average thickness of the 6-multilayered rLBL. 

These layers have dense regions in terms of PE and BPEI polymers, as well as a mixed 

composition of each individual layer containing both polymers. 6-multilayered rLBL 

contains the promising potential for nanogel soft biointerface applications with post-

functionalizable groups. 
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8. CHAPTER 6 

9.  

10. MICRO-PATTERNING OF HYDROGEL BY LASER 

ABLATION FOR CELL GUIDANCE 

 

Surface modification is to bring physical, chemical, or biological properties that 

are different from the original properties of the interface properties. In this way, we can 

tailor the interface properties with improved biocompatibility, surface roughness, 

hydrophilicity, and surface charge. The surface modification with hydrogel-based soft 

materials like gelatine is proper for creating 3D biomaterials, which can be used in tissue 

engineering applications in terms of cell adhesion, low immunogenicity, 

biocompatibility, and low cost. The interaction of the cell with the surface is related to 

the boundaries of micro-scale structures of various domains that harmonize with the 

arrangement of the cells.4, 152  

Lithographic technologies fabricate patterns on surfaces and create different 

chemical and physical domains that provide control of the interaction between the cell 

and the surface, thereby controlling the cell behavior for proliferation, differentiation, and 

adhesive ability. The laser ablation method, which is a fabricating pattern in terms of 

rapid, straightforward, and high reproducibility is the process of vaporization or 

sublimation of the material from a substrate by a laser beam.153, 154 The effect of cell 

guidance was investigated on micro-patterned hydrogel regions with different chemical 

and physical domains on glass surfaces using the laser ablation method. In addition, use 

of  bioactive glass coating is widely used for the improvement of biocompatibility of 

implants in bone tissue engineering applications.155  

This chapter covers the utilization of a rapid and straightforward laser ablation 

method to form a micro-patterned hydrogel film on the glass surface for cell guidance. 

As a model hydrogel, the gelatin methacryloyl (GelMA) was cured on the glass surface, 

and optimum laser ablation parameters were determined. By using laser ablation, we 

removed the gel from the surface, and cell culture studies were performed by fabricating 

various micro-patterned GelMa on glass surfaces.  
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6.1 Materials and Methods 

 

All chemicals were purchased from Sigma-Aldrich and used without further 

purification. The Gelatin methacryloyl hydrogel (GelMA) was synthesized as described 

elsewhere.156 GelMa was characterized using PerkinElmer Spectrum 100 FTIR with an 

attenuated total reflection apparatus. The synthesized GelMa (36 mg) was dissolved in 

800 µl water containing 1% Irgacure 2959. Glass surfaces were cleaned with standard 

cleaning (RCA cleaning) and removed from organic impurities. The solution was dropped 

onto the glass surface to form a meniscus (~125 µl) and photopolymerization was carried 

out in the UV cabinet (365 nm) for 7 minutes. GelMA was dried for one day at room 

temperature, and the laser ablation procedure was performed by using CO2 laser ablation. 

In order to examine the power parameter effect of laser ablation on the gel, the power 

value was set from 3 to 5 while the speed was 60, and the power value was set to 4 while 

the speed value ranged from 45 to 75. SEM images were obtained on the edge of the glass 

by using a Quanta 250 FEG Scanning Electron Microscope. 

Cell culture studies were performed with the NIH 3T3 mouse fibroblast cell line. 

This cell line was chosen due to how easily the cells grow in a culture medium and the 

immortalized cell line. The cells were pre-cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM), supplemented with 10% Fetal Bovine Serum (FBS), 1% penicillin-

streptomycin in an incubator at 37°C, and 5% CO2 humidified atmosphere for two to three 

days. Before cell-seeding, hydrogel patterned glass surfaces (n=3, size: 1x1 cm2) were 

disinfected under UV exposure for 30 minutes. Then, glass surfaces were placed in the 

12 well plate and conditioned with a culture medium for 3 hours. Following the 

trypsinization, cells were removed on the culture flask and counted, then seeded as 5x104 

cells/well on the hydrogel patterned glass surfaces and cultured in DMEM supplemented 

with 10% FBS, 1% penicillin-streptomycin in an incubator at 37°C, and 5% CO2 

humidified atmosphere for 24 hours. To assess the cell viability, Live/Dead (AAT 

Bioquest) assay was used. CytoCalcein™ Green and Propidium Iodide (PI) were added 

to the buffer solution in equal amounts, then transferred onto the samples. After 30 

minutes of incubation at 37°C, the viability of the cells was observed by using a 

fluorescence microscope (Zeiss Axio Observer), visualizing live (green) and dead (red) 

cells on the glass surfaces. 
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6.2. Results and Discussion 

 

Figure 6.1.  Comparison of FTIR spectra of GelMa and after laser ablation of GelMa on 

glass surface. 

 

Figure 6.1 shows the FTIR spectra of GelMa and after laser ablation of GelMa on 

the glass surface. FTIR spectra of GelMa has broadband centered at 545 cm−1 could be 

attributed to the Si-O-Si bending vibration of the glass surface. Amide I, amide II, and 

amide III bands correspond at 1632, 1530, and 1250 cm-1 respectively. The signal at 3285 

cm-1 is represented for O-H stretching of hydrogen-bonded hydroxyl groups and N-H 

stretching vibration coupled with hydrogen-bonding. Two peaks 2878 and 2934 cm-1 are 

attributed to the symmetric and asymmetric stretching modes of CH2 groups, respectively. 

After laser ablation, the absorbance of all peaks was reduced due to the decrease in the 

amount of GelMa. Notably, the two peaks around 2878 cm-1 and 2934 cm-1 shifted to 

2854 and 2925 cm-1 that could be assumed for well-ordered alkyl chains after ablation of 

GelMa.30, 76     
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Figure 6.2.  SEM image after laser ablation of the GelMa on the glass surface and light 

microscope images with (scale bar: 500 µm) a) speed: set 60, power values 

between 3 to 5 (scale bar: 50 µm) b) power: set 4, speed values between 45 

to 75 (scale bar: 50 µm). 

 

RCA cleaning forms hydroxyl and hydroxylate groups on the glass surface, which 

enhance the hydrophilic property.157 Thus, a homogeneous hydrogel layer is obtained 

with secondary interactions like hydrogen bonds between the hydrophilic glass surface 

and GelMa, which has NH2 and OH groups. Therefore, the GelMa retained form for a 

long time in the cell culture medium without chemically bonding on the glass surface. In 

addition, hydrogen bonding capable groups (NH2 and OH) on the GelMa backbone 

interact with water and give a high yield swelling capacity.156  

Figure 6.2 shows the SEM and microscope images of laser ablation after the 

drying of GelMa on the glass surface. The power value 3 formed a half-cylinder gel 

structure (diameter ~60 µm); therefore, gel residues have existed on the glass surface. 

The laser power values 4 and 5 swept up gel material and formed a straight line of 130 

and 180 µm width, respectively (Figure 6.2a). In order to examine the effect of the speed 

parameter, the power value was set to 4, and the speed value was scanned between 45 and 

75. The power values 45, 50, and 55 give a yield of a circular island-like structure in the 

middle of the wavy line. The power values 70 and 75 gave rise to a lower number of 

circular island-like structures in the middle of the wavy line compared to the power values 

45 and 50. On the contrary, the homogeneous straight line with identical width was 

obtained with speed values 60 and 65 (Figure 6.2b). SEM and microscope image results 
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showed that by utilizing a rapid and straightforward laser ablation method, the gel 

material was removed from the glass surface with speed and power values of 60 and 4, 

respectively. 

 

 

Figure 6.3.    Investigation of the viability of NIH 3T3 cells seeded on hydrogel-patterned 

glass surfaces using the live-dead method, scale bar: 200µm. a) Control: 

Glass and cell. b) Glass, hydrogel, and cell. c) Glass, hydrogel pattern 1, and 

cell. d) Glass, hydrogel pattern 2, and cell. e) Glass, hydrogel pattern 3, and 

cell. f) Glass, hydrogel pattern 4, and cell. 

 

Figure 6.3 depicts Live/Dead assay results. Fluorescence microscopy images 

display the live (green) and dead (red) cells on the hydrogel patterned glass surfaces. The 

cells were attached and covered on whole bare glass surfaces, and it was observed that 

cell viability was high (Figure 6.3a). Besides, cells were attached on the untreated 

hydrogel surface without any cavity; however, cell attachment and viability were lower 

than the glass surface (Figure 6.3b). To assess the cell adhesion and migration, various 

patterns were created on the hydrogel surface. In pattern 1, cells were attached both on 

the hydrogel area and hydrogel-free cavity obtained by laser ablation (Figure 6.3c). In 

pattern 2, which was composed of the double-sized hydrogel-free cavity, cells were 

attached mostly on the hydrogel-free cavity compared to pattern 1 (Figure 6.3d). In the 

higher size of the cavity, pattern 3, cells were attached and arranged more regularly in the 
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hydrogel-free cavity (Figure 6.3e). In pattern 4, the viable cells were seen in the hydrogel-

free area, and viability was higher compared to the hydrogel surface (Figure 6.3f). 

Moreover, the cage-like surface provided an organization of the cells, which confirmed 

that various patterns were affected by the cell adhesion. 

 

6.3. Conclusion 

 

In this chapter, micro-patterned hydrogel film on the glass surface was evaluated 

for cell guidance by the laser ablation method. Gelma was removed from the surface and 

cell attachment and arrangement were observed on the various micro-patterned GelMa 

on glass surfaces. It was observed that cells were attached and proliferate on the hydrogel-

free cavities produced by the laser ablation method.  

Barbucci et al. obtained a micro-patterned glass surface based on a striped pattern 

of hyaluronic acid and its sulfated derivative using laser ablation technique. The micro-

patterned surfaces were seeded with mouse fibroblasts (3T3) and bovine aortic 

endothelial cells (BAEC) and assessed in terms of cellular adhesion, proliferation, and 

orientation. They reported that cell behavior is related to the surface modification; both 

3T3s and BAECs adhered and lined up on the sulfated derivative surface, which 

confirmed that hyaluronan is not a suitable substrate for cell adhesion. On the contrary, 

the cells spread and demonstrate good cell adhesion on the sulfated hyaluronic acid.153  

 

 

Figure 6.4.    Adhere and spread of HMSCs a) on Petri-dish, b) on flat pHEMA hydrogel 

substrate, and c) elongate and align on patterned pHEMA hydrogel 

substrate. 

 

Hu et al. evaluated the cell orientation on micro-patterned topography produced 

by poly(2-hydroxyethyl methacrylate) (pHEMA) hydrogel. It has been shown that the 

surface can effectively guide the orientation and morphology of human mesenchymal 
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stem cells (HMSCs) (Figure 6.4). In accordance with our study, the hydrogel patterned 

surfaces provide a tunable cellular arrangement.158 In another study, with an alternative 

approach on ablasion, Janhavi et al. fabricated micro-channels on Polycaprolactone 

(PCL)-Chitosan (CH) nanofiber layered bovine pericardium scaffold by using 

nanosecond laser to enhanced cellular adhesion and migration. The decellularized 

pericardium was used as a biological layer and PCL, CH nanofibrous were electrospun 

on the decellularized layer, then laser ablation was applied on the surface to obtain 

microchannels. The cells seeded on the microchannels exhibited increased cellular 

adhesion comparison to non-ablated surfaces. This study suggested that the feasibility to 

selectively ablate the polymer layer in the scaffolds and also describes a new approach to 

enhance cellular infiltration.159 
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11. CHAPTER 7 

12.   

13. OVERALL CONCLUSIONS 

 

As an overall consideration, interface engineering is combined with metals or 

semiconductors, which are electronic components of bioelectronic systems, to create a 

soft and stimulus-sensitive interface that achieves the delicate balance between bio and 

electronic components. In this thesis, an isocyanate functionalized gold surface is probed 

with surface modification methodologies like grafting to, grafting from, and reactive 

layer-by-layer assembly, which do not require inert conditions, degassing, or high-cost 

catalysts.  

XPS point analysis results and theoretical calculations of the adsorption of HDI 

molecules on the Au (111) show that one isocyanate of HDI molecule interacts with the 

gold surface. XPS C 1s point spectra demonstrate binding energy peaks of the main 

urethane bonds as C-O, C-N, NCOOM, and unreacted NCO. The theoretical calculation 

and favorable configuration are that an N atom of the NCO group is horizontally aligned 

to the gold surface while the aliphatic chain is perpendicular to the surface. The binding 

energy between the N atom and the top-site of the Au (990 meV) is much higher than the 

Van der Waals type interaction (35 meV) energy, while the binding energy is lower than 

the Au-S (1700 meV) bond. As a result of XPS point analysis results and theoretical 

calculations of the HDI-gold surface interaction, one isocyanate interacts with gold while 

the other isocyanate remains for further reaction. Thus, both surface modifications and 

unreacted isocyanate groups have been formed on the gold surface, which enabled the 

formation of polymeric structures with further reactions.  

Unreacted isocyanate gives a yield 70 nm-thick nanoporous PU interface on a 

gold substrate by sequential incubation of 1,4-BDO and HDI via surface-assisted 

(SurfAst) urethane polymerization. On the other hand, PDI-1,4-BDO result in rod-like 

structures while IPDI-1,4-BDO couldn't form a PU interface on the gold surface. In 

addition, XPS chemical mapping results show that for a high yield PU interface a 

minimum of six steps should be applied. Furthermore, VeeMax III results show that a PU 

interface orientation of approximately 90° with respect to the surface and carbon chain 

packing as the self-assembled monolayers. This orientation may arise from the highly 

mixed hydrogen bonding between the nanoporous PU chains that increase secondary 
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interaction energy per unit length on the surface. A nanoporous PU structure could be 

performed with a post-functionalization of PEG to obtain antifouling properties and PEG 

post-functionalization reduced protein adhesion by approximately tenfold. Also, CV 

result shows PU interface with a peak current value of 11 μA. 

For further investigation, SurfAst urethane polymerization is applied to 11-

mercaptoundecanoic acid incubated to post-functionalize with poly(N-allyl-N-methyl-N-

(3-((4-methylthiophen-3-yl)oxy)propyl)prop-2-en-1-aminium bromide (PT) nanowire on 

the gold surface. The nanowire PT structure has dense centers with an average height of 

100 nm and fibers with ~250 nm width and ~7μm length. Since the phase shift values of 

surfaces containing cationic PT nanowires are similar and higher than 3.20°, the phase 

shift value could be considered as an alternative and complement characterization 

technique of grafting to PT nanowires on the gold surface by using EFM.   

In the following study, the isocyanate functional gold surface is utilized to obtain 

a soft nanogel fabrication with the reactive layer-by-layer methodology and the Aza-

Michael addition reaction of PE and BPEI. The nanogel coat on the gold substrate is 

formed with 6-multilayered rLBL that has a 400 nm thickness. In addition, the BPEI is 

pre-functionalized with ferrocene carboxaldehyde to obtain a redox-active polymer and 

the CV result shows the anodic peak current is 2.6 μA and the cathodic peak current is 

1.5 μA for scan rate 10mV/s. In the last part of the thesis, the use of the laser ablation 

method to create a micro-patterned hydrogel film for cell guidance on a glass surface is 

presented as a brief study. 

In summary, the stimulus-sensitive interface with well-defined alternative 

interface studies is a contemporary study area that needs to be more heavily researched 

because it is constantly growing. The production of soft materials on solid surfaces is 

presented with novel, simple, and straightforward methods. The production process, 

structures, and comprehensive characterization of the soft materials obtained on the 

surfaces are discussed. Consequently, our greatest ambition is for this thesis study to serve 

as a source and guide for alternative interface research. 
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