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Zusammenfassung 

Diese Dissertation konzentriert sich auf die Eigenschaften und Anwendungen von ultradünnen 

Poly(ethylenglykol)-(PEG-)Filmen und freistehenden Nanoblättern, welche durch thermisch 

induzierte Quervernetzung von Amin/Epoxid-dekorierten STAR-PEG-Vorläufern hergestellt 

wurden. In dieser Arbeit wurde auch eine weitere Art von molekularen Filmen untersucht, 

sogenannte selbstorganisierte Monoschichten (engl. self-assembled monolayers, SAMs), für 

die die Leistung einer Modell-aromatisch-aliphatischen dreibeinigen SAM auf Au(111) im 

Zusammenhang mit der Elektronenstrahllithographie (engl. electron beam lithography, EBL) 

und der Herstellung von Kohlenstoffnanomembranen (engl. carbon nanomembranes, CNMs) 

– eine andere Art von Nanoblättern – getestet wurde.  

Im ersten Teil dieser Arbeit wurde der Einfluss von Ultraviolett-(UV-)Strahlung (254 nm) auf 

die PEG-Filme untersucht. Es konnte gezeigt werden, dass unter Bestrahlung ein progressiver 

Abbau des PEG-Materials erfolgt, mit anschließender Desorption freigesetzter Fragmente, 

wobei die ursprüngliche chemische Zusammensetzung und die Eigenschaften der Filme 

erhalten bleiben. Dies bietet Potential für die 3D-Strukturierung von PEG-Materialien unter 

Beibehaltung der bioinerten und hydrogelen Eigenschaften. Neben der UV-Bestrahlung wurde 

im zweiten Teil dieser Arbeit auch der Einfluss des Molekulargewichts (engl. molecular weight, 

MW) der eingesetzten Vorläufer (2000–20000 g/mol) auf die Eigenschaften der PEG-Filme 

und Nanoblätter untersucht. Diese Systeme zeigten ausgeprägte biorepulsive, hydrogele und 

elastische Eigenschaften, die sich mit dem MW veränderten. Das MW beeinflusste 

insbesondere das Quellverhalten und die Permeabilität der PEG-Filme sowie die elastischen 

Eigenschaften der PEG-Nanoblätter. Als nächstes Teilprojekt wurde der Einfluss weiterer 

relevanter Parameter, wie eine Abweichung von der Gleichgewichtszusammensetzung 1:1 der 

Vorläufer sowie Elektronen- und UV-Behandlung (zusätzliche Studien) untersucht. Im 

Gegensatz zur UV-Bestrahlung (254 nm), konnte unter Elektronenbestrahlung eine starke 

Beeinträchtigung der Elastizität und Stabilität der PEG-Nanoblätter festgestellt werden. In den 

weiteren Teilprojekten wurden PEG-Filme als poröse und bioinerte Matrix für die DNA-

Erkennung verwendet, die auf der Immobilisierung und Hybridisierung von einsträngiger DNA 

(engl. single-stranded DNA, ssDNA) in der PEG-Matrix beruhte. Die Immobilisierung der 

ssDNA-Sonde basierte entweder auf einer NHS-Ester-Amin-Verknüpfung oder einer Thiol-

Epoxid-Verknüpfung mit den freien Amin- oder Epoxidgruppen der entsprechenden PEG-

Matrix. In beiden Fällen konnte eine effiziente Immobilisierung der ssDNA-Sonde festgestellt 

werden und eine hohe Selektivität und Hybridisierungseffizienz der resultierenden 3D-ssDNA-
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Arrays gegenüber den Zielsträngen nachgewiesen werden. Als geeignete Transduktionstechnik 

für die DNA-Erkennung, die keine Markierung der ssDNA erfordert, wurde hierfür die 

elektrochemische Impedanzspektroskopie eingesetzt. 

In einem weiteren Teilprojekt wurde eine Serie dünner (80–100 nm) PEG-Fulleren (C60)-

Verbundfilme durch Eintauch-, Ein-Topf- und Rückflussverfahren hergestellt. In diesen 

Filmen wurden die optischen und elektrochemischen Eigenschaften von C60 mit den 

vorteilhaften Merkmalen der PEG-Matrix kombiniert, was insbesondere zu einer guten 

elektrochemischen Leitfähigkeit und hoher Elastizität führte. Es konnte zudem gezeigt werden, 

dass diese Filme von ihrem Primärsubstrat abgelöst werden können, um freistehende 

Verbundnanoblätter zu bilden, die Potential für verschiedene Anwendungen wie flexible 

Elektronik, Fotodetektoren und elektrochemische Biosensoren haben. 

Im letzten Abschnitt dieser Arbeit wurde die Elektronenstrahl induzierte Behandlung einer 

Triptycen basierten SAM (Trip-T1) untersucht. Nach Elektronenbestrahlung zeigte diese 

Monoschicht ein Verhalten, das denen von monopodalen aromatischen Monoschichten ähnelt 

und eine klare Dominanz der intermolekularen Vernetzung zeigte. Es wurde gezeigt, dass die 

Trip-T1 SAM als Negativlack in der EBL dienen kann, ähnlich zum monopodalen Benzylthiol 

(PT1) SAM, welches als Referenz diente. Schließlich konnten robuste und fehlerfreie CNMs 

erfolgreich aus der Trip-T1 SAM hergestellt werden, welche jedoch eine etwas höhere Dosis 

(80 mC/cm2) erforderten als die Referenz PT1 Monoschicht (40 mC/cm2). Diese CNMs 

entsprechen der unteren Materialdichte für solche Objekte. 
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Abstract 

This thesis focuses on the properties and applications of ultrathin poly(ethylene glycol) (PEG) 

films and freestanding nanosheets, fabricated by thermally-induced crosslinking of 

amine/epoxy decorated STAR-PEG precursors. In addition, my research was also extended to 

another kind of molecular films – self-assembled monolayers (SAMs), for which the 

performance of a model aromatic-aliphatic tripodal SAM on Au(111) in the context of electron 

beam lithography (EBL) and fabrication of carbon nanomembranes (CNMs) – another kind of 

nanosheets – was tested. 

As the first subproject, the effect of ultraviolet (UV) light (254 nm) on the PEG films was 

explored. UV irradiation was shown to result in progressive decomposition of the PEG material 

followed by desorption of released fragments, while preserving the original chemical 

composition and properties of the films, which offers potential for 3D patterning of PEG 

materials with retaining bioinert and hydrogel properties. As the second subproject, the effect 

of molecular weight (MW) of the precursors (2000−20000 g/mol) on the properties of the PEG 

films and nanosheets was studied. These systems exhibited pronounced biorepulsive, hydrogel, 

and elastic properties which varied with the MW. The MW affected in particular the swelling 

behavior and permeability of the PEG films as well as elastic properties of the PEG nanosheets. 

As the following subproject, the effect of other relevant parameters, such as a deviation from 

the equilibrium 1:1 composition of the precursors and electron and UV (additional studies) 

treatment were studied. In particular, the elasticity and stability of the PEG nanosheets were 

found to be strongly deteriorated by electron irradiation. In contrast, UV irradiation (254 nm) 

did not affect their elastic properties, in agreement with my previous results on this subject. 

Within the further subprojects, PEG films were used as a porous and bioinert matrix for DNA 

sensing, relying on immobilization and hybridization of single-stranded DNA (ssDNA) in the 

PEG matrix. The immobilization of the probe ssDNA was based on either NHS-ester-amine or 

thiol-epoxy linkage to the free amine or epoxy groups in the specifically prepared PEG matrix, 

respectively. In both cases, efficient immobilization of the probe ssDNA and high selectivity 

and hybridization efficiency of the resulting 3D ssDNA arrays with respect to the target strands 

were demonstrated. As a suitable transduction technique for the DNA sensing, requiring no 

ssDNA labeling, electrochemical impedance spectroscopy was employed. 

Within a further subproject, a series of thin (80−100 nm) PEG-fullerene (C60) composite films 

were prepared by immersion, one-pot, and reflux methods. These films exhibited distinct 
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optical and electrochemical properties of C60, merged with some favorable characteristics of 

the PEG matrix, resulting, in particular, in good electrochemical conductivity and high 

elasticity. It was demonstrated that these films can be detached from the primary substrate to 

form free-standing composite nanosheets, having potential for various applications such as 

flexible electronics, photodetectors, and electrochemical biosensors. 

The final subproject was the electron-beam-induced treatment of a triptycene-based SAM 

(Trip-T1). Upon electron irradiation, this monolayer was found to exhibit behavior similar to 

that of monopodal aromatic monolayers, showing a clear dominance of intermolecular 

crosslinking. It was demonstrated that the Trip-T1 SAM can serve as a negative resist in EBL, 

similar to the reference, monopodal benzylthiol (PT1) SAM. Finally, robust and defect-free 

CNMs could be successfully fabricated from the Trip-T1 SAM, which, however, required a 

somewhat higher dose (80 mC/cm2) than for the reference PT1 monolayer (40 mC/cm2). These 

CNMs correspond to the low limit of material density for such objects. 
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1. Introduction 

Functional nanoscale organic films, distinguished by their thickness, specific physicochemical 

properties, and function-adjustable character, have become one of the cornerstones of modern 

material design.1−4 Meanwhile, in a variety of cases, free-standing nanosheets can be derived 

from the parent films, which normally not only preserve the original properties of these films 

but also possess superior flexibility.5−7 Both functional films and free-standing nanosheets offer 

remarkable potential in diverse applications, ranging from organic electronics,8 to sensors9 and 

energy storage,10 and beyond.11−13 Among different types of these systems, functional films and 

free-standing nanosheets on the basis of poly(ethylene glycols) (PEGs) and self-assembled 

monolayers (SAMs) can be mentioned, which have been within the focal research fields of our 

group in the past. 

Based on the previous research conducted by our group, this thesis embarks on an extending 

exploration into the design and fabrication of functional films and free-standing nanosheets on 

the basis of PEGs and SAMs. Through the integration of sophisticated molecular design and 

purpose-specific fabrication strategies, this thesis aims to unravel the intricate relations 

between material structures and the resultant properties, while also delving into specific 

applications. For the sake of clarity, I will first introduce the PEG-related subprojects, which 

represent the major part of this thesis, followed by the introduction of the SAM-related research. 

PEG is a hydrophilic, synthetic polymer that has, despite the simple chemical structure, 

remarkable properties which make it interesting and suitable for both scientific research and 

commercial applications.14,15 The most important feature of PEG is its biocompatibility (or, in 

other words, bioinertness) – this material resists non-specific adsorption of proteins,16,17 

oligonucleotides,18 bacteria,19 and other bioorganisms,20 as well as cell adhesion.21 The bioinert 

properties of PEG can be transferred to specific substrates through a suitable PEG coatings.22−25 

As a particular approach, weakly bound PEG films can be prepared with a sufficient adhesion 

to the primary substrate but still capable to be separated from it and transferred to a secondary 

substrate or even exist as a free-standing nanosheet.26 

A representative and compelling example in this context is provided by thin PEG films formed 

from so-called STAR-PEG compounds (Figure 3.1)27 which have been investigated by our 

group in the past within several research projects. These compounds, featuring four PEG ́ arms´, 

decorated with mutually reactive terminal chemical groups, amine (STAR-NH2) and epoxide 
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(STAR-EPX), can be mixed, deposited onto a suitable substrate, and crosslinked to form a 

porous 3D network by the formation of ethanol-amine bridges (Figure 3.1). The previous work 

by our group demonstrated a variety of excellent properties and applications of these PEG films. 

In particular, it was demonstrated that the thickness of these films can be precisely tuned across 

a broad range by adjusting the concentration of the precursors.27 In addition, these films were 

found to possess pronounced bioinert and hydrogel properties and also exist as ultrathin free-

standing nanosheets with exceptional elasticity.27,28 Such free-standing nanosheets can be 

potentially used as highly transparent, bioinert supports for transmission electron microscopy 

(TEM) and as high-sensitivity pressure sensors.28 Moreover, the parent PEG films can serve as 

matrices for nanoparticle adsorption, controlled protein attachment (biosensors), and humidity 

sensing.27,29,30 Additional possibilities were provided by modification of these films by electron 

irradiation, also in the context of e-beam lithography (EBL).31,32 Electron irradiation was 

shown to result in progressive desorption of the PEG material and chemical modification of 

the residual film.31 The residual material loses both hydrogel and bioinert properties of the 

original PEG matrix, which can be in particular used for the fabrication of nanoparticle, dye, 

and protein patterns.31,32 Considering the above properties and potential applications of the 

PEG films and nanosheets, it became highly meaningful and pertinent to extend the scope of 

investigations on these systems, which occurred within my PhD project. 

I started the PEG-related research by exploring the effect of ultraviolet (UV) light on the 

properties of the PEG films, complementary to the previously studied effect of electron 

irradiation.31 By intentionally avoiding functional, photoresponsive groups, I aimed to discern 

the impact of UV irradiation on the PEG matrix itself, for which the reaction to UV irradiation 

is of fundamental importance. The results of this research were indeed quite interesting and 

provided implications for 3D UV lithography on the PEG film basis.  

As the next subproject, I varied the molecular weight (MW) of the STAR-PEG precursors, 

which was an important option considering that all experiments so far have been performed 

with an only one MW of 2000 g/mol (2k). In my experiments, MW was varied from 2000 to 

20000 g/mol. To this end, I studied the effect of the MW variation on the basic parameters of 

the PEG films and related, free-standing nanosheets, viz. their thickness, permeability, and 

hydrogel, bioinert, and mechanical (elastic) properties. In order to investigate the mechanical 

properties of the PEG nanosheets in more detail, I took the nanosheets formed from 2k STAR-

PEG precursors as a representative system and studied the effect of different parameters on 

their elastic properties, including the size of the window for the elasticity test, film thickness, 
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and film composition. I also explored the possibility to tune the elastic properties of the PEG 

nanosheets by the modification of the parent films by electron irradiation and UV light. The 

latter experiments, in combination with additional measurements, shed also some light on the 

effect of UV irradiation on the PEG films, complementary to the results of my previous 

research on this subject (see above).  

Within further subprojects, I devoted my attention to expanding the bio-related applications of 

the PEG films. In this context, I explored the feasibility of utilizing these films as a matrix for 

the immobilization and hybridization of single-stranded DNA (ssDNA), aiming for DNA 

sensing, which is widely applied in biological detection, microarray technology, and related 

fields.33−35 The DNA sensing usually relies on the immobilization of ssDNA on solid supports, 

serving as a probe for hybridization with target ssDNA sequences. To ensure a highly selective 

and effective hybridization process, it is essential to anchor probe ssDNA onto a bioinert 

substrate to prevent non-specific adsorption of mismatching strands and other 

biomolecules.36−38 The PEG films represent an ideal “substrate” in this regard, featuring not 

only distinct bioinert properties, but also 3D character and high porosity, favorable for the 

accessibility of the entire matrix by both probe and target ssDNA. Consequently, I tried the 

immobilization of the probe ssDNA in the primary PEG matrix and monitored the hybridization 

performance of the resulting ssDNA array. The immobilization of the probe ssDNA was based 

on either NHS-ester-amine or thiol-epoxy linkage to the free amine or epoxy groups of the 

specifically prepared PEG matrix, respectively. The results are highly promising, opening a 

new path for highly-selective and effective ssDNA sensing.  

I also dedicated my research to the PEG-fullerene (C60) composite films, exploring different 

synthetic routes. This innovative approach gave an addition option for shaping such films as 

mechanically robust, free-standing nanosheets – a challenge that has not been explored before. 

Specifically, I employed three different preparation procedures to fabricate PEG-C60 

composite films. The properties of these films were monitored by various techniques. Notably, 

the stability, elasticity, and preservation of the original properties with respect to the parent 

films were meticulously examined for the free-standing PEG-C60 nanosheets. Such composite 

films and free-standing nanosheets, combining the biocompatible properties of PEG film and 

the unique properties of C60,39,40 might have great potential in organic electronics,41 

photovoltaics,42 and sensors.43  

Finally, along with the PEG-related subprojects, a part of my research effort was devoted to the 

study of carbon nanomembranes (CNMs) derived from SAMs. CNMs are ultrathin (1–2 nm) 



4 

 

free-standing nanosheets, composed of interconnected saturated and unsaturated 

hydrocarbons.44,45 They have gained significant attention in the context of both fundamental 

science45 and various applications.46−50 The approach for preparing such CNMs is through 

electron irradiation of thiolate-anchored, aromatic and aromatic-aliphatic SAMs prepared on a 

coinage metal substrate.45,51 Unlike aliphatic SAMs, which predominantly disintegrate and lose 

coupling to the substrate in the course of electron irradiation,52 aromatic monolayers feature 

extensive crosslinking upon irradiation, following the cleavage of C−H and C−C bonds in the 

SAM matrix.52−56 This process prevents the desorption of molecular fragments and extensive 

damage of the SAM-substrate interface, so that robust, homogeneous, and strongly crosslinked 

2D films are formed. These films can then be separated from the primary substrate and 

transferred to a secondary substrate as well-defined CNMs.45,51 Alternatively, aromatic SAMs 

can be used as negative resists for EBL, transferring a pattern written by electron beam into the 

underlying substrate at the successive etching.52,53,57 

While monopodal aromatic SAMs have been extensively studied in the above fields, the 

potential of multipodal SAMs, including tripodal SAMs in particular, remained mostly 

unexplored due to the challenges in obtaining high-quality monolayers.58−60 However, our 

group, in collaboration with several partners, has recently reported the fabrication of well-

ordered and densely packed tripodal triptycene-based SAMs, with the basic building block 

represented by 1,8,13-trimercaptomethyl-triptycene (Trip-T1).61 The latter system provided 

thus a promising candidate for the EBL and CNM fabrication. Consequently, I explored the 

potential of using Trip-T1 SAM on Au(111) for these purposes. Additionally, a reference 

monopodal system, a SAM of benzylthiol, was studied. A variety of complementary 

spectroscopic and microscopic techniques was applied.  

The thesis is organized in 5 chapters. Chapter 1 is the introduction of the thesis. Chapter 2 

provides basic information regarding PEGs, SAMs, and the relevant characterization 

techniques. Chapter 3 is the general experimental. Chapter 4 presents the results and discussion 

of my PhD project as introduced above. Accordingly, this chapter is divided into 7 subchapters, 

corresponding to each subproject. Chapter 5 presents the final conclusions and outlook.  

All the results presented in this thesis have already been published in peer-reviewed journals. 

I was the first author in all these publications.  
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2. Basics and Background 

2.1. Poly(ethylene glycol)  

Poly(ethylene glycol) (PEG) is a synthetic, nontoxic, hydrophilic polymer, which is composed 

of repeating units of ethylene oxide (CH2CH2O), resulting in a linear, flexible chain structure.14 

The molecular weight of PEG can vary significantly, ranging from a few hundred Daltons to 

several hundred thousand Daltons, depending on the desired application. 

PEG is well-known for its resistance to non-specific protein adsorption, which is mainly 

attributed to its hydrophilicity, electric neutrality, and steric hindrance.62 PEG is highly 

hydrophilic, which prevents the hydrophobic interaction of proteins, thus reducing non-specific 

adsorption. Additionally, PEG is electrically neutral, making it less prone to electrostatic 

interactions with proteins, which often carry charged residues on their surface, and when 

exposed to a charged surface, electrostatic attractions can drive non-specific binding. Moreover, 

as a long-chine polymer, PEG can provide large steric hindrance, preventing proteins from 

coming into direct contact and binding to the surface. 

In addition to non-specific protein resisting, the other properties of PEG make it suitable for 

more applications. For example, PEG finds extensive use in pharmaceutical and biological 

fields due to its biocompatibility and low toxicity. It can serve various purposes, such as 

enhancing drug solubility, improving stability, controlling drug release, and increasing 

bioavailability.63,64 PEG is also widely used in cosmetic and personal care products due to its 

emulsifying, moisturizing, and solubilizing properties.65 PEG is also employed in various 

industrial processes, such as lubricants and coatings, where it can enhance product performance 

and modify material properties.20 

2.2. Star poly(ethylene glycol) 

Star poly(ethylene glycol) (STAR-PEG) contains at least three linear arms connected to a 

central core, in which the arms are all equivalent in length and structure (Figure 2.1). The great 

advantage of STAR-PEG is that it has more modifiable end groups for the improvement of 

functional selectivity. Compared with traditionally linear PEG, STAR-PEG is more favorable, 

especially in drug delivery and controlled release. For example, the tumor targeting and 

environmental responsive functions are easily integrated in the case that chemotherapeutic 

drugs are modified with STAR-PEGs, and the drug loading capacity could be dramatically 

enhanced.66 Moreover, intermolecular crosslinking between STAR-PEGs with specifically-
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modified terminal groups will be triggered easily, forming biocompatible network, with 

hydrogels as a representative,67 which have received extensive attention in biomedical 

applications.68,69 

 

 

Figure 2.1. Structures of STAR-PEGs with various functional end groups.66 

 

2.3. Self-assembled monolayers 

Self-assembled monolayers (SAMs) refer to monomolecular films, which are formed by 

spontaneous organization of organic molecules onto a suitable substrate surface, due to the 

intermolecular forces between the molecules and the interactions between the molecules and 

the substrate.70 Various substrates have been used for SAMs formation, including gold,51,71,72 

copper,73 silver,74 aluminum oxide,75 and indium tin oxide.76 Among them, gold is highly 

favorable, owing to its chemical stability, well-defined surface, and strong thiol binding. 

 

 

Figure 2.2. Illustration of an ideally ordered SAM. The components of the SAM are described 

on the right side. 

 



7 

 

As shown in Figure 2.2, SAMs are usually consisted of three parts: the anchor group, the 

backbone, and the tail group. Thiol moiety is one of the most typical anchor group, which can 

form chemical bonding with metals, such as gold or silver.52,71,72 The backbone consists mostly 

of linked carbon atoms. The length and flexibility of the backbone can influence the ordering 

and packing of the molecules in the monolayer, which, in turn, affects the properties of the 

SAM. The tail group is the portion of the molecule that extends away from backbone and 

provides the desired functionality or properties to the SAM and ambient interface.77,78 

The unique ability of SAMs to form highly ordered and well-defined molecular architectures 

on solid surfaces has enabled a wide range of applications, including surface modification,79 

nanotechnology,80 molecular electronics,78 sensors and biosensors,81 and so on.82,83 The vast 

array of applications continues to expand as researchers explore new molecules, surface 

chemistries, and techniques to harness the potential of SAMs. 

2.4. X-ray photoelectron spectroscopy 

Basic information. X-ray photoelectron spectroscopy (XPS), also known as electron 

spectroscopy for chemical analysis (ESCA), is a widely used surface analysis technique that 

provides information about the elemental composition and chemical states of materials. The 

basic physic involved in XPS is photoelectric effect. XPS utilizes low-energy X-rays as the 

excitation source to irradiate samples. When an X-ray photon with enough energy impinges 

upon an atom, the photon interacts with an atomic orbital electron with transfer of the photon 

energy to the electron, leading to electron emission from the atom. The photoemission process 

can be described by the Einstein equation, simply stated as:84 

BE = hν – KE                 (2.1) 

Where BE represents the binding energy of the electron in the atom, hν is the energy of the X-

ray source (a known value), and KE is the kinetic energy of the emitted electron which is 

measured by the XPS spectrometer. Thus, the BE which provides us with valuable information 

regarding the photoemitting atom is obtained from the known hν and the KE. 
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Figure 2.3. Energy level diagram in XPS measurements, including the hν, BE, KE, as well as 

the work function of the spectrometer (Φspectrometer) and the sample (Φsample). Taken from ref 85. 

 

In the XPS measurements, photoelectron energy is measured by referring to Fermi energy (Ef). 

In this way, the sum of the KE and BE does not exactly equal the hν, as shown in Figure 2.3. 

The difference is the Φspectrometer. Thus, the Einsteein equation becomes:84 

BE = hν – KE – Φspectrometer                                 (2.2) 

Therefore, both KE and Φspectrometer have to be measured to determine BE. For conducting 

samples, the Φspectrometer can be calibrated by placing a clean Au substrate in the spectrometer 

and adjusting the instrumental settings so that the know BE values for Au are obtained (eg., Ef 

= 0 eV, 4f7/2 = 84.0 eV). 

Spectrometer. The basic components of an XPS system are shown in Figure 2.4, which 

consists of three major parts: (i) the X-ray source, (ii) the energy analyzer, and (iii) the detector. 

The standard X-ray source for an XPS instrument uses an electron gun to excite X-ray emission 

from a metal anode, typically aluminum (hν = 1486.2 eV) or magnesium (hν = 1253.6 eV). 

Only a moderate vacuum (ca. 10-4 mbar) is required for the transmission of X-rays and 

photoelectrons through the system, but XPS instruments usually operate in the ultra-high 

vacuum (UHV) regime, ca. 10-7−10-9 mbar, to keep the instrument and the sample surface clean 

during analysis. The energy analyzer determines the kinetic energy of photoelectrons using a 

hemispherical analyzer. Here, the photoelectrons must pass between two charged co-

hemispherical plates. Only electrons within a narrow range of energies (the “pass energy”) 

arrive at the detector. The role of the detector is to count the electrons according to their energy 

and intensity (in counts per second).86 
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Figure 2.4. Schematic representation of an XPS system.86 

 

Photoelectron spectra. The number of detected electrons is represented in an XPS spectrum 

as intensity, measured in counts per second, plotted against the corresponding BE. In Figure 

2.5, we can observe an overview spectrum of a PEG film (~50 nm) deposited on an Au substrate. 

This spectrum exhibits distinct signals corresponding to the Au 4f, C 1s, and O 1s orbitals. As 

a reference, the Au 4f7/2 peak is shifted to 84 eV. In XPS spectra, the s-orbitals appear as singlets, 

while the p, d, and f orbitals manifest as doublets, with their respective energy and splitting. 
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Figure 2.5. XPS overview spectrum of a PEG (50 nm) film on Au substrate, recorded with the 

MAX 200 instrument using MgKα X-ray source. 

 

Chemical Shift. Chemical shift in XPS refers to the phenomenon where the binding energy of 

a specific element's peak in the spectrum shifts relative to a reference peak. This shift is 

influenced by various factors, including the chemical environment, oxidation state, and 
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electronic structure of the element. The chemical shift provides valuable information about the 

chemical bonding and electronic properties of the sample, allowing us to analyze the 

composition and identify different chemical species present on the surface. By measuring and 

analyzing these shifts, XPS enables precise characterization of materials at the atomic level. 

Quantitative Analysis. Quantitative analysis in XPS usually includes determining the 

stoichiometric composition and calculating the thickness of thin films or surface layers. In both 

cases, the intensities of the respective XPS signals (the area of the peaks) are required, which 

can be obtained by XPS peak fitting and background subtraction. In addition, the attenuation 

length λ, which is defined as the average distance of an electron travel between two inelastic 

collisions, is also need.84,87 This thesis only involves the calculation of the thickness of specific 

SAMs on Au substrates, which is described in detail as follows: 

To calculate the thickness of a SAM on an Au substrate, one needs to use the Au 4f intensities 

of the SAM-covered and blank substrates, denoted as IAu-SAM and IAu-0, respectively. The 

intensity of Au 4f is weakened due to the presence of the SAM, the effective thickness of the 

SAM (dSAM) can be determined by equation 2.3:84,88 

IAu-SAM / IAu-0 = exp ( – dSAM / λ cosα )                    (2.3) 

where α is the angle between the analyzer and the surface. 

Another method for thickness calculation is using a reference SAM with well-known thickness. 

For example, a 1-Hexadecanethiol (C16) SAM on Au substrate has a thickness of 1.89 nm.89 

One can get the thickness of the SAM on the basis of the following equation: 

dSAM = dref – λ cosα ln (IAu-SAM / IAu-ref)                   (2.4) 

where dref and IAu-ref are the thickness of the reference sample and the intensity of the Au 4f 

signal for the sample, respectively. 

2.5. Near edge X-ray adsorption fine structure spectroscopy 

Near edge X-ray adsorption fine structure spectroscopy (NEXAFS) is also often used for 

surface analysis, which is a highly sensitive technique to resolve the electronic structure and 

orientation of adsorbates (e.g. SAMs) on metal substrates.91 In the NEXAFS case, the X-ray 

adsorption edge describes the point, at which the energy of the X-ray photons is just enough to 

excite core electrons (mostly K shell) to unoccupied molecular orbitals that are lowers or at 

vacuum level.92 A NEXAFS spectrum shows the dependence of the photoabsorption cross 

section on the photon energy with values from just below the core level ionization threshold 
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up to around 50 eV. For the oversimplified case of an electron in a single bound state (core 

level) without any other empty electron state, the photoabsorption cross section changes like a 

step function as the photon energy is scanned across the ionization energy (thick dashed line in 

Figure 2.6). No absorption will occur if photon energies are below the core electron binding 

energy, whereas in the case that photon energies are above the ionization potential (IP), an 

excitation of the core electron into the continuum of final states enables an absorption of 

photons. 

 

 

Figure 2.6. A NEXAFS spectrum (solid line) taken from ref 90. The thick dashed line 

corresponds to the photoabsorption cross section of an electron located in a single bound state 

(core level). 

 

However, even in the case of a single free atom (Figure 2.7a), the measured cross section 

appears significantly more intricate. This complexity arises from the existence of a larger 

number of final states compared to the oversimplified model mentioned earlier. The 

electrostatic potential of the atom's positively charged nucleus leads to multiple vacant 

electronic states, either below (bound states) or above (unbound states) the ionization threshold. 

The bound states can be broadly categorized into valence states localized near the core and 

Rydberg states with binding energies approaching the ionization threshold. On the other hand, 

the unbound states (molecular antibonding) are situated well above the ionization threshold. 

Notably, NEXAFS resonances resulting from excitations into these states exhibit a 

characteristic feature − a substantial energetic half-width. 
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Figure 2.7. (a) Schematic potential for an isolated atom; (b) Schematic potential of a diatomic 

molecule. In addition to Rydberg states and a continuum of empty states similar to those 

expected for atoms, unfilled molecular orbitals are present (σ* and π*).90 

 

Figure 2.7b shows an energy scheme for a diatomic molecule with the corresponding NEXAFS 

spectrum shown in Figure 2.6. The empty molecular orbitals are denoted as σ∗ and π∗ orbitals 

based on their symmetry. Generally, the lowest unoccupied molecular orbital (LUMO) of a π-

bonded diatomic subunit of a molecule is a π∗ orbital, whereas σ∗ orbitals are found at higher 

energies (see Figure 2.7). The latter are typically found above the vacuum level for the neutral 

molecule. Note that a 1s→π∗ transition or π∗ resonance can only be observed for molecules 

with π bonding, i.e. double and triple bonds or aromatic systems, but not for single bonds. 

Another advantage of NEXAFS is its capability of determining the molecule orientation, 

relative to the substrate. Bonds and the corresponding molecular orbitals are highly directional, 

Therefore the transition intensity (core level to unoccupied orbital) depends on the orientation 

of the electric field vector, which is related to the molecule's orientation. By utilizing the 

polarization characteristics of synchrotron radiation (assuming linear polarization for 

simplicity), the orientation of a molecular orbital can be determined by analyzing the intensity 

of the resonance at different angles of photon incidence (θ). 

2.6. Ellipsometry 

Ellipsometry is a powerful optical technique used to analyze the properties of thin films and 

surfaces. The key physics of ellipsometry is that it measures a change in polarized light as light 

reflects or transmits from a material structure.93 The polarization change is represented as an 

amplitude ratio (Ψ) and the phase difference (Δ) between light waves known as p- and s- 

polarized light waves. (Figure 2.8) The measured response depends on optical properties and 
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thickness of individual materials. Thus, ellipsometry is primarily used to determine film 

thickness and optical constants. Moreover, it is also used to characterize crystallinity, 

roughness, doping concentration, and other material properties associated with a change in 

optical response.94 

 

 

Figure 2.8. Schematic illustration of an ellipsometry experiment. 

 

In any ellipsometry experiments, the object is to measure the complex ratio of Fresnel reflection 

coefficients,93 which is given by 

ρ = Rp /Rs =tanΨ eiΔ             (2.5) 

where Rp and Rs is the complex Fresnel reflection coefficient for light polarized parallel, and 

perpendicular to the plane of incidence, respectively. 

Ellipsometry data collection relies on several key components: a light source, polarization 

generator, sample, polarization analyzer, and detector. The light source emits unpolarized light 

which is then sent through a polarizer. The polarizer allows light of a preferred electric field 

orientation to pass. The polarizer axis is oriented between the p- and s- planes, ensuring both 

arrive at the sample surface. Upon reflection (or transmission) from the sample surface, the 

linearly polarized light becomes elliptically polarized and passes through a continuously 

rotating polarizer known as the analyzer. The amount of light allowed to pass will depend on 

the polarizer orientation relative to the electric field “ellipse” coming from the sample. The 

detector converts light to electronic signal to determine the reflected polarization. This 

information is compared to the known input polarization to determine the polarization change 

caused by the sample reflection. 
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2.7. Bulge test 

The bulge test is a well-established method to determine the mechanical properties of thin films 

or coatings. It is particularly useful for characterizing the elastic properties of thin films.95,96 In 

the bulge test, a free-standing thin film is suspended over a window, usually a solid substrate 

with circular or square opening, and uniform pressure is applied to one side of the window, 

causing the film to deflect outwards (Figure 2.9). It is possible to obtain the stress (σ) and strain 

(ε) behavior and mechanical properties of the thin film from the measurements of the pressure 

difference on both sides of the film (∆p) and the film’s deflection (h). Take a circular window 

for example, the relation between the pressure difference and the deflection of the suspended 

film is given by97 

Δp = 4 
𝑡

a2
 σ0·h + 

8

3
  

𝑡

a4
·

1

1−𝜈
 E h3           (2.6) 

where t and a is the thickness of the film and the radius of the circular opening, respectively. 

The other parameters are related to the intrinsic properties of the membrane, viz. the residual 

stress (σ0), the Poisson’s ratio (ν), and the Young’s modulus (E). Consequently, according to 

eq 2.6, a Δp/h versus h2 plot should represent a straight line with the slope defined by the 

parameters a, ν and E. Using the known value of a and making a reasonable assumption for ν 

(e.g. 0.25 for bulky gel-like material),28 Young’s moduli could be calculated. 

 

 

Figure 2.9. Schematic illustration of a bulge test setup along with the relevant parameters (see 

text for description).  
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In addition to the above evaluation, there is another method to calculate the Young’s modulus 

of thin films (t << a). The deflected film can be considered as part of a virtual sphere (R, radius), 

and the σ of the film is expressed as: σ = p R / 2 t. According to the geometry of the bulge test 

setup, when the deflection is small (h << a), the σ can be expressed as σ =p a2 / 4 t h and the ε 

can be expressed as ε = 2 h2 / 3 a2, which gives the following equation for the calculation of the 

Young’s modulus:  

E= σ / ε = 3 p a4 /8 t h3                    (2.7) 

2.8. Scanning electron microscopy 

 

 

Figure 2.10. Schematic illustration of SEM, adapted from ref 98. 

 

Scanning electron microscopy (SEM) is a powerful technique to observe the surface 

morphology and structure of samples at high resolutions. Unlike optical microscopes, which 

relies on visible lights, SEM utilizes a beam of high-energy electrons to generate images. The 

scheme of SEM is shown in Figure 2.10. In an SEM, electrons are emitted from an electron 

gun, which is typically a heated tungsten filament or a field emission gun. The emitted electrons 

are accelerated towards the sample by an electric field. As the high-energy electrons strike the 



16 

 

sample's surface, various signals are generated, including backscattered electrons, secondary 

electrons, Auger electrons and characteristic X-rays.99 Among them, backscattered electrons, 

and secondary electrons are detected to create SEM images, with the former one providing 

topographic information, and the latter one showing compositional contrast. Furthermore, the 

detection of characteristic X-rays enables elemental analysis and mapping of the sample. 

2.9. Atomic force microscopy 

Atomic Force Microscopy (AFM) is a high-resolution imaging technique used in the field of 

nanotechnology to study the surface properties of a wide range of materials at the atomic scale. 

It provides detailed information about the topography, roughness, and mechanical properties 

of a sample. The basic principle behind AFM relies on the interaction forces between the tip of 

the probe (cantilever) and the sample surface,100 which is explained in detail as follows: 

In AFM measurements, the cantilever is brought from afar away from the sample surface into 

close proximity or contact with the sample surface. Then a scanning process is conducted, in 

which the tip moves across the surface in a systematic manner. As the tip interacts with the 

atoms on the surface, forces between the atoms on the tip and the atoms on the sample surface 

will cause the cantilever to bend. This deflection is measured using a laser beam reflected off 

the back of the cantilever onto a position-sensitive detector. The detector generates a signal 

that can maintain a constant force between the probe and the sample by adjusting the position 

of the probe. The deflection data is collected during the scanning process and a topographic 

image of the sample is obtained based on the vertical movements (z-axis) of the cantilever. The 

AFM images can be displayed in 2D or 3D fashions, revealing the surface features, such as 

bumps, pits, or variations in height. 

2.10. Ultraviolet and visible spectroscopy 

Ultraviolet and visible (UV-vis) spectroscopy is a technique used to analyze the absorption, 

transmission, and reflection of UV and visible light by substances. The basic principle of UV-

vis spectroscopy is that substances absorb light in the UV and visible regions of the spectrum 

(ca.190–900 nm).101 When a sample (e.g. an organic molecule) is exposed to light in this range, 

it will absorb energy, causing electronic transitions within the molecular orbitals, typically 

π→π* and n→π* transition. The transition energies correspond to specific wavelengths of light. 

By measuring the intensity of the light absorbed by the sample at different wavelengths, 

valuable information about the sample's electronic structure and properties can be obtained. 

Unlike molecular systems where electronic transitions between energy levels are responsible 
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for absorbance, the local phenomenon of surface plasmon resonance (LSPR) predominantly 

governs the UV-vis absorbance of noble metal nanoparticles, which is induced by collective 

oscillation of conduction electrons at the surface of metal nanoparticles when they are excited 

by UV-visible light. The position and intensity of the peaks in this case depend on the factors 

like nanoparticle size, shape, composition, and surrounding environment.102,103 

2.11. Electrochemical characterization 

Electrochemical characterization is performed to investigate the electrochemical properties of 

the materials under various electrochemical conditions. As illustrated in Figure 2.11,104 

electrochemical measurements are typically conduced within a conventional three-electrode 

cell, which is controlled by a potentiostat that applies a precise and adjustable voltage to the 

system, enabling a desired potential and accurately control of electrochemical conditions 

during an experiment. The working electrode is the electrode where the electrochemical 

reactions of interest take place, and it is usually composed specific materials that need to be 

studied. The reference electrode, providing a stable and known potential, is used as a reference 

point for measuring the potential of the working electrode. The counter electrode, also known 

as the auxiliary electrode, completes the electrical circuit in the electrochemical cell. It balances 

the current flow between the working electrode and the reference electrode. The counter 

electrode is usually an inert electrode made of materials like platinum or graphite, which do 

not participate in the electrochemical reactions under investigation. 

 

 

Figure 2.11. Illustration of an electrochemistry system with potentiostat and conventional 

three-electrode cell.104 
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There are lots of electrochemical characterization techniques, such as cyclic voltammetry (CV), 

chronoamperometry (CA), square-wave voltammetry (SWV), differential pulse voltammetry 

(DPV), chronopotentiometry (CP), galvanostatic charge discharge (GCD), and electrochemical 

impedance spectroscopy (EIS). I will introduce three of them that are related to this dissertation, 

viz. CV, SWV, and EIS. 

CV. CV is a basic electrochemical technique for materials. In CV measurements, the current 

is recorded as a function of potential by sweeping the potential back and forth between the 

selected potential range. The information obtained from CV provides valuable insights into the 

electrochemical behavior of the material. Figure 2.12 illustrates a typical CV measurement, 

including input and output response where reduction and oxidation peaks are shown. The CV 

measurement involves providing a ramp signal as an input. During the forward scan, a positive 

ramp signal with a positive slope is applied, and after completing the first half-cycle, the 

voltage is reversed, leading to a negative ramp signal that reverses the cyclic voltammogram's 

nature for the subsequent half cycle. As the system undergoes redox reactions and aims to reach 

an equilibrium state, it cyclically repeats the pattern, providing information about the changes 

it has undergone. By thoroughly analyzing the CV curve, one can draw significant conclusions 

regarding the material properties (e.g., capacitive nature) and system behavior (reversible, 

irreversible, or quasi-reversible). 

 

 

Figure 2.12. CV technique along with its input and output response.105 

 

SWV. SWV is an electrochemical technique that involves the application of a linearly 

increasing input signal in the form of a square wave square wave for voltammetric analysis. As 

shown in the Figure 2.13a, the potential is swept linearly in SWV, but at each potential step, a 

constant amplitude square wave voltage pulse is applied. The square wave pulse consists of a 

rapid potential increase followed by an equal and opposite potential decrease. Because of the 
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large amplitude of the square wave, the reverse pulse will cause a reverse reaction of the 

reduction/oxidation product obtained by the previous pulse. The current passing through the 

working electrode is measured both at the end of forward (point “A”) and reverse (point “B”) 

half-cycles, and the difference between the two current provides the output current waveform 

as a function of the applied potential (Figure 2.13b). SWV is a highly sensitive technique that 

can easily detect the adsorption of specific reactants, as evidenced by a significant enhancement 

in their peak current.106 

 

 

Figure 2.13. (a) General input nature of the linear sweep square-wave voltammogram. (b) 

Output of a linear sweep square-wave voltammogram.105 

 

EIS. EIS is a powerful technique that can be utilized to determine the impedance of the 

electrochemical cell. In EIS experiments, a sinusoidal voltage (AC signal) with small amplitude 

is applied to the working electrode, and the amplitude and phase angle of the generated current 

are measured with respect to the applied sinusoidal voltage. The impedance is then determined 

using Ohm’s law. Because the impedance is a function of frequency, different ranges of 

frequencies have to be examined to obtain an impedance spectrum. 

The impedance is a complex quantity consisting of a real part (resistance) and an imaginary 

part (reactance). The real part represents the resistance to the flow of current, while the 

imaginary part represents the capacitive or inductive behavior of the system. By plotting the 

impedance under different frequencies, a Nyquist plot can be obtained, which displays the 

imaginary part of impedance against the real part.107 By fitting the Nyquist plot, one can get an 

equivalent circuit of the cell. A typical Nyquist plot and its corresponding equivalent circuit 

are shown in Figure 2.14. They provide valuable information about various electrochemical 

processes, including solution (electrolyte) resistance (Rs), charge transfer resistance (Rct), 

double-layer capacitance (Cdl), Warburg impedance (Zw, related to diffusion processes). 
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Figure 2.14. A basic equivalent circuit model along with its corresponding Nyquist plot.105 

 

2.12. E-beam lithography 

Electron beam lithography (EBL) is one of the key nanofabrication techniques used to create 

patterns on a substrate at the nanoscale. The development of EBL tools started in the late 1960s, 

by modifying the design of SEM.108 The working principle of EBL is based on the scanning of 

a focused electron beam across a substrate coated with an electron-sensitive material, known 

as resist. The resist undergoes changes in its solubility properties upon exposure to the electron 

beam. Before the EBL process, a pattern is designed using computer-aided design software, 

which defines the desired structure to be created. After exposure, the resist undergoes a 

development process. In the case of positive resist, the exposed regions become soluble and 

are removed during development, leaving behind the unexposed regions as the desired pattern. 

As for negative resist, the exposed regions become crosslinked and remain after development. 

Since the discovery of polymethylmethacrylate (PMMA) as a positive electron resist by 

Hatzakis in 1969,109 EBL has found extensive applications in various fields. It has been utilized 

for fabricating integrated circuits, photonic crystals, semiconductor devices, nanoelectronics, 

as well as in biological and life sciences research.110−112 
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3. Experimental 

3.1. Materials and substrates 

3.1.1. Chemicals 

The 4-arm STAR-NH2 and STAR-EPX compounds (Figure 3.1) were purchased from Creative 

PEG Works (USA) and used as received. Four MWs of these compounds were used, viz. 2000 

(2k), 5000 (10k), 10000 (10k), and 20000 (20k) g/mol. The STAR-PEG precursors are 

characterized by low polydispersity and high purity, viz. 99% for STAR-NH2 and 98% for 

STAR-EPX in terms of amine and epoxy substitution, respectively. The MWs of 2000, 5000, 

10000, and 20000 g/mol correspond coarsely to the lengths of the PEG arms of 3.5−3.9 nm, 

8.7−9.8 nm 17.5−19.5 nm, and 35−39 nm, respectively, comprising 9−11, 25−27, 53−55, and 

100−112 monomers. 

 

 

Figure 3.1. The chemical structures of STAR-NH2 and STAR-EPX (EG = −O−CH2−CH2−) 

and a schematic drawing of the reaction between the terminal epoxy and amine groups of the 

precursors resulting in the appearance of ethanol-amine-like crosslinking bonds. This reaction 

mediates the formation of porous PEG film, which can then be separated from the substrate as 

a free-standing nanosheet. 

 

Desalted ssDNA sequences were purchased from Metabion International AG (Germany). The 

first group of these sequences included unmodified thymine (T) and adenine (A) homo-

oligonucleotides, viz. 5’−TTTTT−3’ (T5), 5’−TTTTTTTTTT−3’ (T10), 5’−AAAAA−3’ (A5), 

and 5’−AAAAAAAAAA−3’ (A10). The second group included substituted homo-

oligonucleotides, viz. N-hydroxy succinimide ester−(CH2)10−5’−TTTTT−3’ (NHS-T5), N-
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hydroxy succinimide ester−(CH2)10−5’−TTTTTTTTTT−3’ (NHS-T10), and 

thiol−C6−5’−TTTTTTTTTT−3’ (T10-SH).  

Fullerene (purity > 99.5%) was acquired from Ossila (UK). The SAM precursors employed 

were Trip-T1, PT1, C16, and nitrile-substituted naphthalenethiolates. Their structure can be 

seen in Figure 4.66 in Chapter 4. Trip-T1 was synthesized by our partners in Japan. PT1 and 

C16 were purchased from Merck and used without further modification. Nitrile-substituted 

naphthalenethiolates was provided by our partners in Germany. All remaining chemicals and 

solvents in this thesis were obtained from Sigma-Aldrich and utilized as received. 

3.1.2. Substrates 

Glass substrates (Menzel-Gläser, Germany), SiO2 passivated Si(100) substrates (Siegert Wafer 

GmbH, Germany), and evaporated Au(111) substrates (Georg-Albert PVD-Beschichtungen, 

Germany) were used for the preparation of the particular samples to meet specific requirements 

of different characterization techniques. Three types of Au substrates were used, including: (1) 

30 nm of evaporated Au on polished Si(100) wafers precoated with a 5 nm Ti adhesion layer, 

(2) 100 nm of evaporated Au on Si(100) wafers precoated with a 5 nm Ti adhesion layer, and 

(3) 100 nm of evaporated Au on polished Si(100) wafers without a Ti interlayer. 

As secondary substrates for bulge test, custom-fabricated metal frames with a circular window 

were used. The diameter of the window was 1 mm for most of the experiments but varied for 

some specific experiments (0.3 and 0.5 mm). 

3.2. General preparation procedures 

3.2.1. PEG films preparation 

The standard PEG films were fabricated on 30 nm evaporated Au(111) substrates (5 nm Ti 

interlayer) following the established procedure,27 as schematically illustrated by Figure 3.1. 

These films were primarily utilized for protein adsorption test, XPS study, UV modification, 

and ellipsometry measurements. In short, the PEG compounds (with the same MWs) were 

separately dissolved in chloroform with a concentration varied from 5 to 30 mg/ml, mixed 

together in the 1:1 ratio (wt./wt.), spin-coated onto the substrate, crosslinked by thermal 

annealing (6 h, 80 °C), followed by extensive rinsing with ethanol to remove weakly bound 

material. The variation of the concentration allowed us to control the thickness of the PEG 

films,27 Note that the bonding of the PEG films to the supporting gold layer is quite robust 
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since the films cannot be separated from the support by ultrasonication27 but only by dissolving 

of the gold film.28 The bonding is presumably mediated by amino and epoxy groups. 

In addition, other PEG films were prepared on various substrates. They included PEG film with 

different ratio of STAR-NH2 and STAR-EPX, PEG films produced using toluene (TL) as the 

solvent and PEG/C60 composite films. Specific experiments about these PEG films are 

introduced in chapter 4. 

3.2.2. Nanosheets fabrication 

The PEG and PEG/C60 free-standing nanosheets were prepared from the originally films 

fabricated on SiO2 passivated Si wafers. These films were first exposed to HF to diminish their 

bonding to the substrate by removal of the SiO2 overlayer, and then separated from the substrate 

by an oblique immersion into water. The floating nanosheets were fished up from the surface 

of the solution or water and transferred onto the secondary substrate to monitor their thickness 

(SiO2/Si substrate) and quality as well as to study their stability and elastic properties (bulge 

test substrate). 

3.2.3. SAMs preparation 

The SAMs were prepared by immersion of the fresh substrates into 1 mM of Trip-T1 in 

degassed tetrahydrofuran or into 1 mM of PT1 in absolute ethanol for 24 h at room temperature 

and under dark conditions. After immersion, the SAMs were rinsed with tetrahydrofuran or 

ethanol and dried in a stream of argon. In addition, reference SAMs of C16 and nitrile-

substituted naphthalenethiolates were prepared on the same substrate using the analogous 

immersion procedure. The SAMs for spectroscopy studies were prepared on Au substrate 1. 

SAMs for EBL studies were prepared on Au substrate 2, to have a better lithographic contrast. 

For the CNM fabrication, Au substrate 3 was used to minimize adhesion to Si(100). 

3.3. Characterization 

XPS. The measurements were conducted with a MAX 200 (Leybold-Heraeus) spectrometer 

equipped with an Mg Kα X-ray source (260 W; ca. 1.5 cm distance to the samples) and a 

hemispherical analyzer (EA 200; Leybold-Heraeus). The spectra were collected in normal 

emission geometry with an energy resolution of ~0.9 eV. The BE scale of the spectra was 

referenced to the Au 4f7/2 emission at 84.0 eV.113 

Ellipsometry. The measurements were performed with a spectroscopic ellipsometer (M-44, 

J.A. Woollam) at a fixed angle of 75°. The goals of these experiments were to monitor the 
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thickness of PEG and PEG/C60 films and to investigate the swelling ability of the PEG films. 

The thicknesses of the films on Au substrates were calculated by adapting the experimental 

data to a bilayer model consisting of the gold substrate and the PEG film. Another bilayer 

model on the basis of the SiO2 layer and the PEG film was used to calculate the thickness of 

the films on SiO2/Si substrates. The optical constants for the substrate were determined using 

a clean gold surface and SiO2/Si substrate, respectively, whereas those of the polymer films 

were obtained by using a Cauchy layer dispersion relation including the first two terms and 

adapting both coefficients to the ellipsometric measurements. 

In some experiments, the temperature of the films was varied from room temperature to nearly 

0 °C by placing the samples on a Peltier plate (TES1-127030; Conrad Electronics SE), allowing 

to control relative humidity experienced by the sample. The temperature decrease increased the 

relative humidity and, consequently, the water uptake by the hydrogel film, allowing to monitor 

its swelling properties. The parameters of the experiments were kept unchanging for all films 

studied, allowing direct comparison of the results. Note that the swelling of the PEG films at 

the temperature variation is similar to that performed at the controlled relative humidity 

conditions.29 

Protein adhesion experiments. The biorepulsive properties of the PEG films were monitored 

by protein adsorption experiments following the approach of ref 27. The films were initially 

immersed into a phosphate-buffered saline (PBS) solution for 30 min. Subsequently, a filtered, 

PBS solution of the test protein, viz. bovine serum albumin (BSA), was added getting a total 

protein concentration of 0.25 mg/ml. After 60 min incubation time under ambient conditions, 

the PEG films were rinsing extensively with copious amounts of Milli-Q water. The amount of 

the adsorbed proteins was quantified by XPS, using the characteristic N 1s emission of the 

proteins and a protein-adhesive sample (evaporated Au film) as a reference. This approach is 

sufficiently sensitive and well suitable to the given purpose.27,135 

Electrochemistry. Electrochemical measurements, which included CV, SWV, and EIS, were 

performed using a Zahner potentiostat (model IM6E). All measurements were performed in a 

customized three-electrode electrochemical cell in which a KCl saturated Ag/AgCl electrode 

and a platinum electrode (Osilla, UK) were used as the reference and counter electrodes, 

respectively. The working electrodes various according to different purpose. The exposed area 

of the working electrodes was ~0.5 cm2. 
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For electrochemical sensing of the PEG/ssDNA films, blank Au substrates (30 nm Au with 5 

nm Ti), PEG films prepared on Au substrates, and PEG/ssDNA films on Au substrates were 

used as working electrodes. The cyclic voltammograms (CVs) and EIS data were recorded in 

a 10 mM [Fe(CN)6]
3−/4−electrolyte containing 0.1 M KCl. A scan rate of 300 mV/s or 200 mV/s 

in the range from −0.8 V to +0.7 V or −0.7 V to +0.7 V (vs. Ag/AgCl) was applied in CV 

measurements. The sensing capabilities of the specific electrodes toward target ssDNA were 

examined using EIS measurements, which were carried out by applying an alternating voltage 

with an amplitude of 5 mV over a frequency range from 10−1 to 105 Hz.  

For the PEG/C60 related experiments, clean and C60-covered glassy carbon electrodes (GCE), 

C60 deposited on Au substrate (30 nm Au with 5 nm Ti), the PEG-C60 composites films 

prepared on Au substrates, and the reflux PEG-C60 nanosheet transferred onto Au substrate 

were used as the working electrodes. A deoxygenated acetonitrile (MeCN) containing 0.1 M 

tetrabutylammonium tetrafluoroborate (TBABF4) was used as the electrolyte in the CV and 

SWV measurements. For the CV measurements, a scan rate of 100 mV/s in the range from 0 

V to –2 V (vs. Ag/AgCl) was applied. The SWV measurement were conducted from 0 V to –

1 V (vs. Ag/AgCl) with an amplitude of 100 mV and a frequency of 25 Hz. The conditions of 

EIS measurements were same as the case for PEG/ssDNA film.  

Other techniques The SEM measurements were performed with a LEO 1530 scanning 

electron microscope (Zeiss). The energy of the primary electron beam was set to 3 keV. The 

UV-vis measurements were carried out with the with a Jasco V-650 spectrophotometer 

(JASCO Deutschland GmbH). AFM measurements were conducted with a Solver Next device 

(NT-MDT), in tapping mode under ambient conditions. 
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4. Results and Discussion 

4.1. The effect of UV light on the properties of PEG films 

4.1.1. Motivation 

Based on the previous work of our group with regard to the PEG films fabricated from the 

STAR-PEG precursors, it is of interest to study the effect of UV light on these PEG films, 

which was the subject of this specific subproject.  

The UV treatment and respective lithographic approaches have certain advantages as compared 

to electron irradiation and EBL, since they require neither an expensive equipment nor any 

vacuum environment but can be in principle realized with a simple UV lamp, under ambient 

or even liquid cell conditions.114−118 Apart from the most simple proximity printing 

geometry,114,119−121 more sophisticated setups, providing additional options in terms of parallel 

patterning and lateral resolution, are available as well, relying, e.g., on interferometric 

lithographic process,122 scanning near-field photolithography,123−125 or commercial digital 

micro-mirror devices.126−128 Finally, in contrast to EBL, UV lithography does not require 

conductive substrates. 

In contrast to the OEG-terminated SAMs, combining the OEG moieties with alkyl or 

oligophenyl chain and specific docking group, the PEG films represent a nearly all-PEG 

material, for which the reaction to UV irradiation is of fundamental importance. Note that I 

intentionally avoided introduction of functional, photoresponsive groups into the PEG matrix, 

as performed in a variety of dedicated studies on biocompatible and biodegradable hydrogels 

(see e.g. refs 129−132), including STAR-PEG based systems as well,133 but rather intended to 

study the effect of UV irradiation on the matrix itself.  

4.1.2. Specific experiments and procedures 

UV light treatment. The PEG films (EPX:NH2 = 1:1, wt./wt.)with different thicknesses, 

prepared on Au substrates, were exposed to UV light with a wavelength of 254 nm provided 

by a short wave (UV-C) Hg vapor lamp (Benda Konrad Laborgeräte). UV light with this 

wavelength is known to be very efficient for modification of ultrathin organic films, including 

the OEG-substituted SAMs in particular.71,114,119,120 The UV treatment was performed at 

ambient conditions and room temperature, with a temperature increase by just few degrees 

during the irradiation. The distance between the UV source and samples was ~2.5 cm. The 

intensity of the UV light was monitored by UVX radiometer sensors (Ultra-Violet Products 
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Ltd.). It was kept at 2 mW/cm2 for most of the experiments, but varied to some extent as well, 

to monitor the effect of UV flux. After the irradiation, the samples were washed with the solvent 

to remove weakly-bound species. The effect of washing was monitored in dedicated 

experiments. 

UV lithography. Along with the homogeneous irradiation of the PEG films, their patterning 

in proximity printing geometry was performed. The same UV light source (2 mW/cm2) was 

used. As a mask, a 1500 Cu mesh (Plano GmbH) with a ~7.5 m opening was used. The 

fabricated patterns were imaged by AFM in the tapping mode.  

4.1.3. Film thickness 
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Figure 4.1. Thickness of the PEG films determined by ellipsometry as a function of the UV 

dose. The thickness of the pristine films was ~34 nm (a), ~71 nm (b), and ~124 nm (c). The 

behavior of the thickness is traced by the red dashed lines. The same scaling of the Y-axis is 

used in all panels. 
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The thickness of the PEG films during the UV irradiation was monitored by ellipsometry. The results 

for three representative PEG films with the different thicknesses are presented in Figure 4.1. All three 

films exhibit similar behavior: the thickness decreases in nearly linear fashion in the course of UV 

irradiation. This suggests a progressive removal of the PEG material, similar to electron irradiation31,134 

and UV treatment of the OEG-terminated SAMs.114,119 However, in contrast to both these cases, in 

which the thickness decrease follows an exponential function (first-order kinetics), a nearly linear 

behavior is observed in the present case, corresponding to the zero-order kinetics in relation to the UV 

dose. Interestingly, the thickness decrease in Figure 4.1 is nearly independent of the thickness of the 

pristine PEG film, occurring with nearly similar rates for the ~34 nm, ~71 nm, and ~124 nm films. This 

rate represents a material property. An average rate constant, k0, was calculated at 0.320.05 nm/(J/cm2). 

 

0 10 20 30 40 50 60 70 80 90
0

5

10

15

20

25

30

35

40

T
h

ic
k
n

e
s

s
 (

n
m

)  3 mW/cm2

 2 mW/cm2

a

Dose (J/cm2)
 

Figure 4.2. Thickness of the PEG films determined by ellipsometry as a function of the UV 

dose. The data for the generally used (2 mW/cm2) and somewhat higher (3 mW/cm2) flux are 

compared. The legend is given in the figure. 

 

The rate does not change significantly with a higher UV flux as shown in Figure 4.2 for a 

representative data set. In addition, the decrease of the film thickness, observed by ellipsometry, 

could also be verified by XPS, using a comparably thin PEG film, for which the signal from 

the substrate (Au) could still be recorded. The respective data are presented in Figures 4.3 and 

4.4. Figure 4.3 shows the Au 4f spectra of the substrate, with the intensity of the signal 

increasing progressively in the course of UV exposure. On the basis of this intensity, 

thicknesses of the PEG films could be calculated using the standard expression for the 

attenuation of photoemission signal84 and the attenuation length determined experimentally for 

this type of material.27 The XPS-derived values in Figure 4.4 agree satisfactory with the 

ellipsometry-derived ones, even though the correlation is not absolutely exact. 
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Figure 4.3. Au 4f XPS spectra of the pristine (~32 nm) and irradiated PEG films on Au 

substrate. The doses are marked at the respective curves. 
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Figure 4.4. Thickness of a PEG film measured by ellipsometry (black squares and black line) 

and XPS (red circles and red line) as a function of the UV dose. The thickness values were 
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derived from the spectra in Figure 4.3. The XPS thickness of the pristine film was set according 

to the ellipsometry value (~32 nm). 

 

4.1.4. XPS 
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Figure 4.5. C 1s (a) and O 1s (b) XPS spectra of the pristine (~71 nm) and irradiated PEG 

films. The doses are marked at the respective curves. 

 

The irradiation-induced removal of organic material, including PEG/OEG in particular, is usually 

accompanied by chemical modification of the residual film. This was monitored by XPS. 

Representative XPS spectra of the moderately thick (~71 nm) PEG film, in the pristine state and exposed 

to UV light, are shown in Figure 4.5. The C 1s and O 1s spectra of the pristine film in Figures 4.5a and 

4.5b, respectively, exhibit the characteristic peaks of PEG/OEG at 286.7 eV (C 1s) and 532.8 eV (O 

1s),72,136 which are the only perceptible features. The chemical identity of the PEG films and the lack of 

any contamination are thus verified. Surprisingly and absolutely unexpected, the spectra of the 

irradiated films do not exhibit any difference from those of the pristine film: there are the same peaks 

at the same binding energies, with no other features being perceptible. Also, the relations of the peak 

intensities, reflecting the chemical composition of the films, do not change noticeably. This can only 

mean that the residual film is not subjected to any chemical modification at the exposure to UV light, 
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which is distinctly different from the case of electron irradiation of the PEG films31,134 and the case of 

UV treatment of the OEG-terminated SAMs.114,119 In the first case the residual film represents carbon-

enriched and oxygen-depleted aliphatic compound and, in the second case, it represents a residual of 

the SAM-forming molecules. Note that the UV-induced desorption of a part of the PEG film cannot be 

reflected in the spectra in Figure 4.5 since the probing depth of XPS at the given kinetic energies of the 

photoelectrons, viz. ~7.5 nm for C 1s and ~6 nm for O 1s,84 is noticeably smaller than the thickness of 

the films (71−54 nm). 

4.1.5. Swelling properties 

The finding that the chemical composition of the PEG films does not change noticeably in the 

course of the UV treatment could be additionally verified by testing the basic properties of 

these films depending on their composition, such as their hydrogel character. For this purpose, 

swelling of the PEG films at the variation of the relative humidity was monitored. This 

variation was achieved by the decrease of the film temperature following the approach of refs 

27,31. Representative data for the ~34 nm, ~71 nm, and 124 nm films are presented in Figures 

4.6a, 4.6b, and 4.6c, respectively. As seen in these figures, the swelling ability of the PEG films, 

intrinsically linked to their chemical composition is still preserved after the UV treatment. 

To quantify the swelling ability, we calculated the ratio (R) of the thickness at the lowest 

temperature (2 °C), corresponding to the maximal swelling in our experiments, to the thickness 

at room temperature, corresponding to the least swelled film. According to reference 

measurements, the PEG films are already slightly swelled at the ambient conditions in our lab, 

featuring usually a relative humidity of 40−50%.29 Nevertheless, the selected swelling ratio, 

measured at the same conditions for all PEG films studied, represents a suitable fingerprint 

parameter to compare their hydrogel properties. The dependence of the swelling ratio on the 

UV doses for the films with the original thicknesses of ~34 nm, ~71 nm, and ~124 nm are 

presented in Figures 4.7a, 4.7b, and 4.7c, respectively. The observed values for the pristine 

films correlate well with the previous data (a swelling ratio of ~2 in the 40−100 nm range and 

somewhat higher values at the lower thicknesses) 27, showing similar values for the ~71 nm 

and ~124 nm films (1.82−1.84) and slightly higher value for the ~34 nm layer (~2.1), associated 

with a lower degree of crosslinking in the thinner PEG films10. Of the major importance in the 

context of the present study is, however, the invariable character of the swelling ratio in the 

course of the UV treatment, which suggests that the hydrogel properties of the PEG films are 

not affected by this procedure. This behavior is in the striking contrast to the effect of electron 

irradiation, which results in the loss of these properties in the residual film.31 The observed 
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increase of the swelling ratio observed for the UV-treated ~34 nm film (Figure 4.7a) is 

presumably related to the progressive decrease of the thickness (Figure 4.1a) to the values 

which correspond to an increase of this ratio.27 
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Figure 4.6. Thickness of the pristine and irradiated PEG films as a function of temperature. 

The thickness was determined by ellipsometry. The thicknesses of the pristine films were ~34 

nm (a), ~71 nm (b), and ~124 nm (c). The legends are given in the panels. 
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Figure 4.7. Swelling ratio for the PEG films as a function of the UV dose. The thickness of the 

pristine films was ~34 nm (a), ~71 nm (b), and ~124 nm (c). The behavior of the swelling ratio 

is traced by the gray dashed lines. The same scaling of the Y-axis is used for all panels. The 

observed increase of the swelling ratio, most pronounced for the 34 nm film, can be tentatively 

explained by a stronger decrease in the degree of crosslinking as compared to the thicker films. 

 

4.1.6. Biorepulsive properties 

Another important intrinsic ability of the pristine PEG films is their biorepulsive 

properties.27,30,32 Possible effect of the UV-treatment on these properties was monitored using 

BSA as a test protein and the XPS in the N 1s range as a fingerprint tool to evaluate the 

adsorption of proteins The respective data are presented in Figure 4.8 by the example of the 

~71 nm and the ~124 nm film. In Figure 4.8, the N 1s XPS spectra of the pristine and irradiated 

PEG films exposed to BSA are shown, along with the spectrum of the pristine PEG film before 

the BSA exposure and the spectrum of a reference protein-adhesive substrate (Au) after the 

BSA exposure. 
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Figure 4.8. N 1s XPS spectra of the pristine (panel a: ~71 nm, panel b: ~124 nm) and irradiated 

PEG films exposed to BSA along with the spectrum of the pristine PEG film before the BSA 

exposure and spectrum of a protein-adhesive substrate (Au) after the BSA exposure. The last 

two spectra are given for comparison. The film thicknesses are marked at the respective curves. 

 

The spectrum of the pristine PEG film exhibits a N 1s peak at ~400 eV associated with the 

nitrogen atoms in the crosslinking bridges of the PEG network (Figure 3.1) This signal does 

not change noticeably after the exposure of the film to BSA, verifying its biorepulsive 

properties. Significantly, nearly the same behavior is observed for the UV-treated films, which, 

after the exposure to BSA, exhibit only slightly higher intensities of the N 1s signal than before 

the exposure. Correcting the intensities of the N 1s signal for that of the PEG films before the 

exposure to BSA and referencing the result to the analogous intensity for the protein-adhesive 

substrate (Au in the present case; see Figure 4.8), one gets the relative extent of the protein 

adsorption for a particular PEG film. These values are presented in Figure 4.9 as a function of 

the film thickness. There are two sets of data, related to the pristine ~71 nm and ~124 nm films. 

The protein adsorption for the first set of data increases slightly with the UV dose, which, 

however, can be related to the thickness decrease, enabling, to some extent, the penetration of 

BSA to the protein-adhesive substrate (Au) through the porous PEG network (see Figure 
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3.1).27,30 This effect should be absent for the thicker films and, indeed, the data set for the ~124 

nm film corresponds to a nearly complete suppression of the protein adsorption, both for the 

pristine and UV-treated films. This is a direct evidence that the biorepulsive character of the 

PEG films does not change at their exposure to UV light. 
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Figure 4.9. Relative extent of the protein adsorption as a function of the film thickness. The 

reference value for the protein-adhesive substrate (100%) and two series of data, corresponding 

to the UV treatment of the films with the ~71 nm and ~124 nm thicknesses are shown (see 

Figure 4.8 for the respective spectra). The directions of the thickness variation at the UV 

treatment for a particular series are shown by the gray arrows. 

 

4.1.7. General considerations 

The above results lead to the conclusion that the only effect of the UV treatment on the PEG 

films is progressive defragmentation and removal of the PEG material. This removal occurs in 

a linear fashion with respect to the UV dose (see Figure 4.1) and is mediated by the desorption 

of the PEG fragments taking place predominantly during the treatment. Such a behavior differs 

drastically from the case of electron irradiation of the PEG film, as shown schematically in 

Figure 4.10. As already mentioned above, the removal of the PEG material in that case is 

accompanied by substantial chemical modification of the residual film, which, as a 

consequence, loses completely its hydrogel and biorepelling properties.31,32 In contrast, these 

properties are nearly fully preserved in the case of UV treatment, relying on the invariable 

chemical composition of the residual PEG film. 
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Figure 4.10. Schematic of the modification of the PEG films in the case of electron (at the left) 

and UV (at the right) irradiation. The chemically modified PEG material is shown by dark gray. 

 

The substantial defragmentation and chemical modification of the PEG films in the case of 

electron irradiation is related to the extensive breaking of chemical bonds within the films, 

triggered, e.g., by dissociative attachment of electrons, electron impact ionization, etc.138−142 

The particular involvement of a specific mechanism depends on the excitation energy, which 

however can be selected in a quite broad range, from several ten electronvolts to several 

kiloelectronvolts31 or, presumably, even at several electronvolts.142 Whereas nearly all bonds 

can be cleaved, the bonds within the PEG chains, such as C−O ones, are predominantly affected, 

as shows the experiments on both PEG films31 and OEG-substituted SAMs.134,143 

The role of electrons in the considered case of UV light irradiation of the PEG films can 

however be nearly excluded. At the given wavelength, the kinetic energies of the 

photoelectrons and secondary electrons ( 4.88 eV) originating from the substrate are lower 

than its work function (5.3 eV)144 and thus insufficient to reach molecular adsorbates. The so-

called "hot" electrons, tunneling into empty states at the substrate-adsorbate interface over the 

barrier,116,145−148 should not penetrate far into the PEG films and are probably of importance for 

the near vicinity of the substrate only (see below). The yield of photoelectrons from the film 

itself is presumably very low, in view of the limited amount of the material and comparably 

low photoionization cross-sections for the light elements constituting the PEG films.149,150 

Thus, one is only left with a direct effect of UV irradiation on these films promoting the 

fragmentation of the PEG chains in contrast to their chemical modification, such as loss of 
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oxygen and chemical transformation. This behavior can be related to a higher and different 

selectivity of this effect with respect to the available chemical bonds, viz. C−C, C−O, and C−N, 

as compared to electrons and, most likely, involve a specific excitation of a specific bond kind, 

leading to its breaking. An involvement of ozone, playing frequently a role in photoinduced 

reactions, is rather unlikely since its formation is only efficient for UV light with wavelengths 

shorter than 242 nm with the peak at 185 nm.151 

Whereas it is not clear what particular bonds are predominantly broken, these can be either 

PEG-core bonds, bonds within the PEG arms, or the crosslinking bonds. On the basis of the 

XPS spectra (Figure 4.5), one can conclude that these are most likely large fragments 

(oligomers) which are cleaved and released; otherwise changes in the chemical structure of the 

residual film would be expected. Significantly, to release such a fragment, not one but two 

bonds within the same network branch or even more bonds around a particular core should be 

broken, which explains the comparably low efficiency of the fragmentation process. This 

requirement is however less strict at the surface of the PEG films, which should contain loose 

branches and not fully crosslinked STAR-PEG molecules. Consequently, the release of 

material from this region of the film, directly exposed to the UV light, should be noticeably 

more extensive as compared to the bulk of the films. The released oligomers are presumably 

highly volatile, so that they desorb on spot instead of transforming to another species or making 

new chemical bonds to the PEG matrix.  

The near zero-order kinetics of the fragmentation process (see Figure 4.1) is most likely related 

to the "unlimited" amount of the PEG material, which does not change its character during the 

UV treatment and is again and again available for the fragmentation process, which is 

presumably most effective at the film surface and its very vicinity. This situation corresponds 

to a high excess of reactant with respect to the rate-determining step of a chemical reaction, as 

described by the general kinetic theory. 

Interestingly, the effect of UV irradiation on the PEG films differs drastically from that for the 

OEG-substituted SAMs. For the latter systems, the effect of UV irradiation does not differ 

noticeably from that of electrons, resulting in progressive desorption of the OEG fragments 

and chemical transformation of the residual, which loses the biorepulsive properties (hydrogel 

properties were not monitored).114,123,134,137,143 Since the direct impact of UV light on the OEG 

matrix is entirely different, as shown in the present work, the only rational explanation for the 

effect of UV light on the OEG-substituted SAMs, which are noticeably thinner than the PEG 

films (2−3 nm vs. 30−100 nm), is an involvement of electrons from the substrate. Because of 
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the work function barrier (see above), these can only be "hot" electrons, as suggested by some 

models.116,145−148 Even though the penetration depth of these electrons into an organic film is 

limited, it is most likely sufficient to affect the entire SAM. Thus, the results of the present 

study provide a strong support in favor of the "hot" electron model for the description of the 

effect of UV light on OEG-substituted SAMs and, consequently, on all other SAMs in general, 

since the generation of "hot" electrons is not related to the character of SAM (apart from the 

availability of suitable empty states for the tunneling) but to the substrate. 

As to the OEG-substituted SAMs, it is important that the modification of the OEG part occurs 

with a much higher rate than all other UV-induced processes, such as the oxidation of the 

anchoring group and defragmentation of the alkyl linker. This suggests that the effect of “hot” 

electrons is not limited to the SAM/substrate interface but is still noticeable in its close vicinity, 

within several nm range, typical of the SAM thickness.114 A dose of 8−10 J/cm2 at a wavelength 

of 254 nm is sufficient to fully decompose and modify the OEG part of a SAM (ca. 10−11 

nm).114 In the case of PEG films, the respective thickness reduction is just 3−4 nm (see Figure 

4.1), suggesting much lower efficiency of the defragmentation process, apart from the lack of 

chemical modification.  

Finally, the behavior of the PEG films under UV irradiation can be compared with the effect 

of ion beam on the PEG films prepared from PEG powders.152 Depending on the energy of the 

ions such a treatment results in either remarkable chemical modification of the PEG films, 

similar to the case of electron treatment,31 or in smothering of the film surface, accompanied 

by noticeably lesser extent of the chemical modification. The latter case has a certain similarity 

with the effect of UV light reported in the present manuscript, even though the underlying 

mechanisms are presumably distinctly different. 

4.1.8. Patterning of the PEG films 

Along with homogeneous exposure of the PEG films to UV light, such an exposure can be 

performed in a lithographic fashion, resulting in the fabrication of 3D PEG patterns. An 

example of such a pattern, fabricated in proximity printing geometry (see section 4.1.2 for the 

technical details), is shown in Figure 4.11. Figure 4.11a illustrates the procedure, Figure 11b 

shows a representative pattern, and Figure 4.11c exhibits a height profile across the pattern. 

Accordingly, the contrast seen in the AFM image reflects the height differences between the 

shadowed and irradiated areas. An important feature of this 3D pattern is it all-hydrogel and 

all-biorepulsive character, which probably can be useful for some specific applications. Such 
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a pattern differs principally from an analogous pattern "written" by electron irradiation of the 

PEG films and combining non-hydrogel/non-biorepelling and hydrogel/biorepelling areas.18,31 

 

 

Figure 4.11. (a) Schematic of the patterning of the PEG films in proximity printing geometry; 

(b) AFM image of a representative pattern fabricated with a dose of 28.8 J/cm2; and (c) height 

profile along the red line in the AFM image. 
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4.2. Tuning the properties of PEG films and nanosheets by the molecular 

weight of the precursors 

4.2.1. Motivation 

As I mentioned in the introduction part, the PEG films and free-standing nanosheets fabricated 

from STAR-PEG precursors are suitable for various applications. Noteworthy, the diversity of 

useful properties and applications has only been demonstrated so far for the STAR-PEG 

precursors with a comparably low MW of 2000 g/mol. It is however possible to vary this 

parameter significantly, relying on the commercial compounds, which should allow to tune the 

properties of the STAR-PEG-derived films and nanosheets in a controlled fashion. This was 

the goal of this particular subproject, in which I varied the MW of the STAR-NH2 and STAR-

EPX precursors from 2000 to 20000 g/mol in few steps and monitored the effect of this 

parameter onto the thickness, hydrogel, and biorepulsive properties of the PEG films as well 

as onto the stability and elastic properties of the free-standing PEG nanosheets. 

4.2.2. Specific experiments and procedures 

NP loading experiments. The ability of the PEG films to absorb objects dissolved in water 

was tested by their immersion into a freshly prepared solution of citrate-stabilized gold NPs 

(AuNPs). The immersion time was 6 h, with the subsequent rinsing with water and drying in a 

nitrogen stream. The AuNPs had an average size of ~13 nm; they were synthesized by reduction 

of AuCl3 following the established procedure.27 

4.2.3. Film thickness 

The thickness of the PEG films with the different MWs of the precursors, determined by 

ellipsometry, is shown in Figure 4.12 as function of the concentration of the precursors in the 

primary solutions. First, the precursors with higher MW build a thicker PEG film at the same 

amount (in terms of weight) of the starting materials (Figure 4.12a). This effect is less apparent 

at the low concentrations, such as 15 mg/mL, but well pronounced at the higher concentrations. 

Second, whereas the thickness increases progressively with increasing concentration for all 

PEG films studied, this tendency becomes more significant with increasing MW. Whereas the 

increase of the concentration from 15 to 30 mg/mL results in increase of the film thickness by 

a factor of ~1.4 for a MW of 2k, it is a factor of ~4 for a MW of 20k (Figure 4.12a). The relation 

between the thicknesses of the films prepared from the different (MW) precursors varies, thus, 
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with the concentration, showing however no correlation with the MW values. Such a behavior 

indicates that the molecular network structure of the PEG films varies with the MW. 

The dependence of the film thickness on the precursor concentrations given in the units of mM 

exhibits even a large difference between the different MWs (Figure 4.12b). Whereas in all cases 

a gradual increase of the film thickness with the concentration is observed, the curves become 

progressively steeper and non-linear with the increasing MW. A most likely explanation of 

such a behavior is the effect of the substrate on the exact network structure of the PEG films, 

such as a preferable in-plain orientation of the molecular chains imposed by the substrate, 

especially significant for the thin films and high MWs (long chains). The templating effect of 

the substrate diminishes with the increasing film thickness, resulting in progressively more 

stochastic orientation of the PEG chains and, consequently, in more rapid increase of the film 

thickness, with a stronger effect for the higher MWs. 
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Figure 4.12. Thickness of the PEG films with the different MWs determined by ellipsometry 

as function of the concentration of the precursors in the primary solutions given either in 

mg/mL (a) or mM (b). The legends are given in the panels. The gray horizontal dashed line in 

(a) corresponds to the thickness of 100 nm, used for a variety of the experiments in the present 

study (see below). The entire range of the thickness variation was from 10 to 330 nm. 

 

4.2.4. Film composition 

The composition of the PEG films was monitored by XPS. Representative C 1s and O 1s and 

N 1s spectra of the films prepared at the concentration of the precursors in the primary solutions 

of 10 mg/mL are shown in Figure 4.13; the analogous data for 20 and 30 mg/mL can be found 

in Figures 4.14 and 4.15. The C 1s and O 1s spectra in Figures 4.13a and 4.13b, respectively, 

exhibit exclusively the characteristic peaks of PEG at 286.7 eV (C 1s) and 532.8 eV (O 1s),72,136 
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which are the only perceptible features. The chemical identity of the PEG films and the lack of 

any contamination are thus verified. 
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Figure 4.13. C 1s (a) and O 1s (b), and N 1s XPS spectra of the PEG films prepared from the 

precursors with the different MWs, as marked in panel a. The concentration of the precursors 

in the primary solutions was set to 10 mg/mL. 

 

The intensity of the C 1s and O 1s peaks shows nearly no dependence on the MW, which is 

predictable since the major building blocks of these films – PEG arms – are chemically 

identical and the signals are saturated in view of the fact that the sampling depth of XPS (6–8 

nm)84 is in all cases noticeably smaller than the thicknesses of the films (70–120 nm, see Figure 

4.12a). In contrast, the intensity of the N 1s peak in Figure 13c decreases with the increasing 

MW, reflecting the chemical composition of the STAR-NH2 precursors. The PEG arms of 

these precursors, terminated with a sole NH2 group, becomes progressively longer with the 

increasing MW, so that the N/C and N/O ratios become progressively smaller as well. These 

relationships are mimicked by the films, since the transformation of the NH2
 groups into NH 

ones does not change noticeably the elementary film composition. 
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Figure 4.14. C 1s (a) and O 1s (b), and N 1s XPS spectra of the PEG films prepared from the 

precursors with the different MWs, as marked in panel a. The concentration of the precursors 

in the primary solutions was set to 20 mg/mL. 

 

Figure 4.15. C 1s (a) and O 1s (b), and N 1s XPS spectra of the PEG films prepared from the 

precursors with the different MWs, as marked in panel a. The concentration of the precursors 

in the primary solutions was set to 30 mg/mL. 
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4.2.5. Swelling properties 

The swelling properties of the PEG films were monitored by ellipsometry, at the temperature 

variation from room temperature to nearly 0 °C. Such a variation affects the relative humidity 

experienced by the PEG films and triggers the water uptake into the films.27 The results of the 

experiments are presented in Figure 4.16, which shows the thickness variation for the films 

prepared at 4 different concentrations of the precursors in the primary solutions. All films 

exhibit progressive thickness increase at the low temperatures, representative of water-uptake-

driven swelling, typical of hydrogels.  
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Figure 4.16. Thickness of the PEG films as a function of temperature. The concentration of 

the precursors in the primary solutions was set to 15 mg/mL (a), 20 mg/mL (b), 25 mg/mL (c), 

and 30 mg/mL (d), respectively. 

 

The extent of the thickness increase was quantified by so-called swelling ratio, which is the 

ratio of the thicknesses at the lowest and room temperature. The resulting values of the swelling 
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ratio are presented in Figure 4.17. For all films studied, the swelling ratio decreases with the 

MW, with the higher extent of decrease at 20, 25, and 30 mg/mL as compared to 15 mg/mL. 

The dependence on the MW can be partly related to the higher film thickness, characteristic of 

the higher MW films (see Figure 4.12a). A decrease of the swelling ratio with increasing film 

thickness has been reported before and explained by progressively higher extent of crosslinking 

in the thicker films.153 
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Figure 4.17. The swelling ratio as a function of the MW for the films prepared at the different 

concentrations of the precursors in the primary solutions. 

 

 

 

Figure 4.18. (a) Thickness of the PEG films prepared from the precursors with the different 

MWs as function of temperature; the thickness of the films was set to ~100 nm; the legend and 

exact thickness values are given in the panel. (b) The swelling ratio of these films as a function 

of the MW. 

 

To exclude the above-mentioned effect of the film thickness, swelling properties of the films 

with different MWs but nearly the same thicknesses of ~100 nm were compared. The necessary 
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adjustment of the concentrations of the precursors in the primary solutions was performed in 

accordance with the data in Figure 4.12a. The results of the swelling experiments are shown in 

Figure 4.18. Whereas the thickness of all PEG films exhibits the typical increase with the 

decreasing temperature (Figure 4.18a), the exact evaluation of these data suggests a progressive 

lowering of the swelling ratio with the increasing MW (Figure 4.18b). Interestingly, this 

behavior is opposite to the expectations, since the films originating from the precursors with 

the higher MWs have, in view of their molecular structure (Figure 3.1), a lower extent of 

crosslinking than the films originating from the precursors with the lower MWs. 

4.2.6. Biorepulsive properties 
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Figure 4.19. (a) N 1s XPS spectra of the PEG film (~54 nm; 2k) before and after the BSA 

exposure, along with the reference spectrum of a protein-adhesive substrate (Au) after the BSA 

exposure. (b) Relative protein absorption as a function of the MW for the films with the ~50 

nm and ~100 nm thicknesses. 

 

Biorepulsive properties of the PEG films were tested by the protein absorption experiments. 

The films with different MWs of the precursors but nearly the same thickness, set either to ~50 

or ~100 nm, were exposed to BSA and the extent of absorption was monitored by XPS, relying 

on the characteristic N 1s signal and taken a protein-adhesive substrate as the reference. The 

results are presented in Figure 4.19. Figure 4.19a compiles the relevant N 1s spectra of a 

representative PEG film (~54 nm; 2k) before and after the BSA exposure as well as the 

reference spectrum of a protein-adhesive substrate (Au) after the BSA exposure; the full set of 
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the spectra can be found in Figures 4.20 and 4.21. The spectrum of the untreated film exhibits 

a small N 1s signal, stemming from the NH groups in the network (see Figure 3.1). This signal 

increases noticeably after the exposure of the film to BSA, suggesting a certain extent of the 

protein adsorption. Quantitative evaluation of the XPS data shows that this extent is quite small 

(~7.5%) but increases significantly with the increasing MW of the precursors, up to ~23% for 

a MW of 20000 g/mol (Figure 4.19b). This behavior is, however, only characteristic of the thin 

PEG films, such as those with a thickness of ~50 nm. In the case of the thicker films, such as 

those with a thickness of ~100 nm, protein adsorption at a level of 2.5−3.5% was recorded, 

with the extent being independent of the MW. 
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Figure 4.20. N 1s XPS spectra of the thinner PEG films with different MWs of the precursors 

but similar thickness (~50 nm) before and after the BSA exposure. The MWs and the exact 

values of the film thicknesses are marked at the respective spectra. 
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Figure 4.21. N 1s XPS spectra of the thicker PEG films with different MWs of the precursors 

but similar thickness (~100 nm) before and after the BSA exposure. The MWs and the exact 

values of the film thicknesses are marked at the respective spectra. 

 

4.2.7. Nanoparticles loading 

The ability of the PEG films to absorb nanoscale objects dissolved in water was tested by their 

exposure to AuNPs. Films with different MW but the same thickness (~100 nm) were used. 

SEM images of these films after the AuNP loading are presented in Figure 4.22; the size 

distribution of the NPs is shown in Figure 4.23. In all cases PEG/AuNP composites were 

formed but the density of the NP loading varied non-systematically with the MW of the 

precursors, which was verified by control experiments on several different samples. The 

highest AuNP density was observed for the 5k and 10k films (Figure 4.22b and 4.22c), with 

the former film exhibiting the most disperse NP distribution. The 2k film was characterized by 

a noticeably lower density of the AuNPs (Figure 4.22a), which were well dispersed in the PEG 
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matrix. The 20k films exhibited an even lower AuNPs density, accompanied by a noticeable 

extent of NP agglomeration. 

 

Figure 4.22. SEM images of the PEG/AuNP composite films (~100 nm) prepared from the 

precursors with MWs of 2000 g/mol (a), 5000 g/mol (b), 10000 g/mol (c) and 20000 g/mol (d). 

 

0 10 20 30 40 50
0

50

100

150

200

 

 

C
o

u
n

ts

Size (nm)

 2k

 Gauss Fit
a b

c d

Mean size

12.8 nm

Mean size

13.4 nm

Mean size

13.6 nm

Mean size

18.1 nm

0 10 20 30 40 50
0

100

200

300

400

 
 

C
o

u
n

ts

Size (nm)

 5k

 Gauss Fit

0 10 20 30 40 50
0

100

200

300

400

 

 

C
o

u
n

ts

Size (nm)

 10k

 Gauss Fit

0 10 20 30 40 50 60
0

50

100

 

 

C
o

u
n

ts

Size (nm)

 20k

 Gauss Fit

 

Figure 4.23. Size distributions of the AuNPs in the PEG-AuNP composites for the MWs of 2k 

(a), 5k (b), 10k (c), and 20k (d). The comparably larger average size for the 20k films stems 
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most likely from a partial coagulation of the NPs, resulting in an overestimate of the average 

size value. 

 

In addition to the imaging of the PEG/AuNP composite films, their optical properties were 

monitored. The respective UV-vis spectra are shown in Figure 4.24. These spectra are 

dominated by characteristic local surface plasmon resonance (LSPR) in AuNPs.31 The intensity 

of this band correlates well with the AuNP density in the composite films; it is the highest for 

the 5k and 10k films, somewhat lower for the 2k films, and the lowest for the 20k films.  The 

position of this bands shows a progressive red shift with increasing MW of the precursors. This 

position depends on the size of NPs, their distance to the Au substrate, and their density, so that 

it is difficult to say which of these parameters is of primary importance in the given case. 

Considering the non-systematic variation of the packing density of the AuNPs, the most likely 

factor is the vertical distribution of the NPs in the films, defining their separation from the 

conductive substrate and, consequently, the coupling of the AuNP LSPR with that of the 

substrate. 
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Figure 4.24. UV-vis spectra of the PEG/AuNP composite films (~100 nm) prepared from the 

precursors with different MWs. The maximum of the LSPR band is marked and its position is 

given. 
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4.2.8. Free-standing PEG nanosheets 

 

 

Figure 4.25. Left column: AFM images of the PEG nanosheets transferred onto Si substrate. 

Right column: the height profiles across the edges of the nanosheets, along the blue lines in the 

images. 

 

The quality and thickness of the PEG nanosheets were controlled by the AFM measurements, 

performed after the transfer of the nanosheets onto a secondary Si substrate. The nanosheets 

originated from the PEG films which were prepared from the precursors with the different 

MWs but had nearly the same thicknesses, set to ~100 nm (by the adjustment of the precursor 
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concentration in the primary solutions; see Figure 4.12) according to the ellipsometry data. 

Representative AFM images of the PEG nanosheets with the different MWs of the precursors 

are shown in Figure 4.25, along with the height profiles across the edges of the nanosheets. The 

images demonstrate that the nanosheets are smooth and uniform, which are the features 

underlining their well-defined character and prerequisites for their good stability. The 

thicknesses of the 2k, 5k, 10k, and 20k nanosheets according to the height profiles are ~102 

nm, ~104 nm, ~116 nm, and ~115 nm, respectively, which are quite close to the respective 

values measured by ellipsometry, viz. ~98 nm, ~103 nm, ~105 nm, and ~103 nm, respectively. 

Consequently, the evaluation of the ellipsometry data, relying on the same optical constants for 

the films prepared from the precursors with the different MWs is reliable and these constants, 

indeed, do not vary noticeably with the MW. 

4.2.9. Mechanical properties of the nanosheets 

The mechanical properties of the nanosheets with different MWs but similar thicknesses 

(100−116 nm) were studied by bulge test. Representative images of the deflected nanosheets 

captured during the test are presented in Figures 4.26. As seen in Figures 4.26a−d by the 

example of a 2k PEG nanosheet, the deflection of the nanosheets increases progressively with 

increasing loading pressure, achieving a value exceeding the radius of the opening (~0.57 mm) 

at p = 2.0 kPa for the 2k case, which indicates excellent elastic properties of the nanosheets. 

The extent of the deflection at the given p depends however on the MW of the precursors, as 

illustrated in Figures 26g−h for all MWs and p = 1.0 kPa. Accordingly, the deflection 

decreases with increasing MW, suggesting the respective trend in the elasticity of the 

nanosheets. 

To quantify this qualitative statement, numerical evaluation of the bulge test data was 

performed. According to eq 2.6, a Δp/h versus h2 plot should represent a straight line with the 

slope defined by the parameters a, v and E. This is indeed the case for the nanosheets of the 

present study, as evidenced by the data in Figure 4.27a, which can be well fitted by straight 

lines. The slopes of these lines reflect then the respective Young’s moduli. Using the known 

value of a (~ 0.5 mm) and making a reasonable assumption for ν (0.25; on the basis of bulky 

gel-like material),18 Young’s moduli could be calculated. The respective values are presented 

in Figure 4.27b as a function of the MW, progressively increasing with the MW and varying 

from ~2.1 MPa for the 2k nanosheet to ~5.2 MPa for 20k nanosheet. Note that the E value for 

the 2k nanosheet correlates excellently with the results of the previous study on the 2 k PEG 
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nanosheets of the same thickness (~2 MPa),18 verifying the correctness of the measurements 

and data evaluation procedure. 

 

 

Figure 4.26. (a−h) Microscopy images of the deflected PEG nanosheets, including (a−d) a 

series of images for a 2k nanosheet taken at the progressively increasing Δp and (e−h) a series 

of images for 2k, 5k, 10k, and 20k nanosheets taken at the same Δp of 1.0 kPa. The MW and 

Δp values are given in the panels. 

 

Note that the relations between h and Δp could be successfully reproduced during several 

successive load-unload cycles. The Δp range corresponding to the stable and reproducible 

deformation of the nanosheets varied to some extent depending on the MW. A tentative 

fingerprint of this deformation is the thickness of the deformed nanosheets, which could be 

calculated from the geometrical considerations. The respective data are shown in Figure 4.27c. 

As expected, the nanosheet thickness decreases progressively with increasing Δp. This increase 

is non-linear at the low pressures but becomes linear at the higher Δp. Independent of the MW, 

all nanosheets survive Δp up to ~1.9 kPa, but breaks at the higher pressures, with the 2k 

nanosheet being most stable. This nanosheet achieves a nearly one third of its original thickness 

before it breaks. 
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Figure 4.27. (a) Plots of Δp/h as a function of h2 for the PEG nanosheets with the different 

MWs but similar thicknesses of ~100 nm. (b) Calculated Young’s moduli of the nanosheets vs. 

the MW. (c) A variation of the thickness of the PEG nanosheets during the bulge test. The 

original thicknesses of the nanosheets are based on the AFM-derived values. The last points of 

the curves correspond to the p values short before the nanosheet breakage. 

 

4.2.10. Discussion 

Whereas some of the experimental results presented above can be understood and interpreted 

in straightforward fashion, others need to be discussed. 

First of such points is the relation between the film thickness and the MW (Figure 4.12a). 

Whereas the thickness increases with the MW at the given concentration of the precursors in 
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the primary solutions, this increase does not mimic the MW relation for the entire concentration 

range probed. On the one hand, this behavior can be related to a lower crosslinking ability of 

the precursors with higher MW, but, on the other hand, it can be associated with a larger 

confinement of the molecular chains in the higher MW films. Such a substrate-imposed 

confinement is most likely especially significant in the thin films, becoming progressively less 

pronounced with the increasing thickness. 

The second point is the porosity of the films and nanosheets, which should increase noticeably 

with the increasing MW. Whereas this parameter could not be probed directly, indirect 

information is provided by the protein absorption experiments for the thin (~50 nm) PEG films 

(Figure 4.19b). The observed increase in the extent of the protein absorption with the increasing 

MW can be directly related to the size of the pores as far as we reasonably assume that the 

protein absorption is mediated by substrate, after the penetration of the proteins through the 

PEG network. Once again, the extent of the protein permeability through the nanosheet does 

not correlate exactly with the MW, varying by the factor of ~3 only at the MW variation by the 

factor of 10. 

The third point is the suitability of the PEG films and nanosheets to form composites, e.g. by 

their loading with NPs. The 2k, 5k, and 10k films seem to be well suitable for this purpose, 

building composite with laterally homogeneous distributions of the AuNPs (see Figure 

4.22a−c). In contrast, the 20k films exhibit an inhomogeneous distribution of the AuNPs, which 

also feature a noticeable extent of agglomeration (see Figure 4.22d), reflected also in a seeming 

larger average size (see Figure 4.23). This behavior is most likely related to the high porosity 

of the 20k matrix, diminishing its ability to “fix” NP and to prevent their agglomeration. 

The fourth point is the swelling ability of the PEG films, which, surprisingly, does not increase 

but decreases with the MW at the nearly same film thicknesses (Figure 4.18b). This behavior 

correlates with the elasticity of the PEG-derived nanosheets, represented by their Young’s 

moduli. 

For all the nanosheets studied, the Young’s modulus, varying from 2.1 to 5.2 MPa depending 

on the MW of the precursors, (Figure 4.27b), is extremely small not only compared to inorganic 

nanosheets, such as those from SiN (220 GPa for the 320 nm thickness),154 but also to ultrathin 

carbon nanonanosheets (45 GPa)155 and polyethylene nanosheets (10 GPa for the thickness of 

55 nm).156 



56 

 

Being intrinsically small, the Young’s modulus for the PEG nanosheets increases with the MW 

of the precursors, by a factor of ~2.5 at going from the 2k to 20k nanosheets. This increase is 

contra intuitive assuming that the most realistic model, explaining the extremely low values of 

E, is that of an elastomer. Accordingly, the crosslinked chains in the PEG network, fixed at the 

centers of the STAR-PEG moieties, are coiled and can be easily straightened at the applied load, 

resulting in a significant deformation of the PEG films even at a small load (see Figure 4.28), 

corresponding to a very small Young’s modulus as observed in our experiments. 

 

 

Figure 4.28. A model explaining the extremely high elasticity of the PEG nanosheets. Blue 

lines represent the crosslinked chains in the PEG network that can be stretched at an applied 

load; black circles are the centers of the STAR-PEG moieties; crosslinking points are not 

specifically marked. 

 

An increase of the MW of the precursors should result in a decrease of the relative weight of 

the fixed points in the network, making it even more elastic, in contrast to the experimental 

data. The only way to solve this contradiction is to assume that the extent of coiling of the PEG 

chains in the network depends on the MW of the precursors. This is indeed possible because of 

a stronger interaction between longer molecular chains and preferable in-plain orientation of 

these chains imposed by the substrate. Such an in-plain orientation can be more pronounced 

for longer molecular chains because of their potentially stronger interaction with the substrate. 
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4.3. Elastic properties of free-standing PEG nanosheets and respective 

implications 

4.3.1. Motivation 

As discussed above, the free-standing PEG nanosheets are quite stable and possess an 

exceptional elasticity, emphasized by a very small Young’s modulus of 2.1−5.2 MPa at a 

thickness of ~100 nm.157 The value of the Young’s modulus depends on the molecular weight 

of the STAR-NH2 and STAR-EPX precursors, but is most likely a function of the nanosheet 

thickness and its composition at a deviation from the standard 1:1 ratio between STAR-NH2 

and STAR-EPX, useful for some applications.30 It cannot also be excluded that the derived 

values of the Young’s modulus are affected by the parameters of the experimental setup used 

for their measurement, which will strongly diminish their reliability. 

These issues were specifically addressed in the respective subproject in which I also explored 

the possibility to tune the elastic properties of the PEG nanosheets by the modification of the 

parent films by electron irradiation and UV light. The latter experiments, in combination with 

additional measurements, shed also some light into the effect of UV light on PEG materials,153 

which was discussed above. 

4.3.2. Specific experiments and procedures 

Nanosheets fabrication. The fabrication of PEG nanosheets on bulge test substrate is 

described in chapter 3. Note that in this section, the ratio of STAR-NH2 and STAR-EPX was 

varied to some extent in some specific cases (see section 4.3.3). 

Optional modification. The PEG nanosheets were investigated in two conditions: as-prepared 

and after subjecting the primary PEG films (on SiO2/Si) to additional treatments, viz. electron 

irradiation and UV light exposure (2 mW/cm2), prior to their detachment from the original 

substrate. Detailed information on the technical aspects of UV treatment can be found in section 

4.1.2. The electron irradiation was applied homogenously using a flood gun (FG20, Specs, 

Germany). The treatment was performed at room temperature and under UHV conditions with 

a base pressure lower than 8 × 10−8 mbar. The electron energy was set to 50 eV and the dose 

was calibrated with a Faraday cup. Several different doses were applied. 

4.3.3. Parameters of the bulge test 

In bulge test, the stress and strain in the film can be determined from measurements of pressure 

difference on both sides of the nanosheet (p) and the window’s deflection (h). The further 
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relevant parameters are the geometrical shape and size of the window and film thickness (t). In 

our case, a circular window was used and its diameter (2a; a − radius) was varied as 0.3 mm, 

0.5 mm, and 1 mm. The nanosheet thickness was set to 100 nm. 

Representative microscopy images of the deflected PEG nanosheets for these windows are 

shown in Figures 4.29a, 4.29b and 4.29c, respectively. At a fixed p, the deflection depends 

strongly on the diameter of the window, being largest for 1 mm diameter and progressively 

smaller for the smaller windows. The maximal p corresponding to the rupture of the 

nanosheets showed an inverse behavior, being lowest for 1 mm diameter and progressively 

higher for the smaller windows. 

 

 

Figure 4.29. Selected optical images of the deflected PEG nanosheets, suspended over a 

circular window with a diameter of 1 mm (b), 0.5 mm (c), and 0.3 mm (d). The bottom image 

in each series corresponds to the pressure close to the breakdown point. 

 

The entire bulk of the deflection data is presented in Figure 4.30a, in deflection versus p 

fashion. The relation between the pressure difference and the deflection of the suspended 

nanosheet over a circular window is shown in eq 2.6. The p vs h plots in Figure 4.30a exhibit 

a nearly linear behavior for all a values, corresponding to the first term on the right side of Eq 

1 and framing the second term as contributing to a small extent only, which means that the E 

values for the PEG nanosheets are very small. Further, to avoid the influence of different 

geometrical parameters (a, t and h) on the apparent sensitivity of different nanosheets, a 

dimensionless aspect ratio of deflection (h) to window radius (a), denoted as , can be plotted 
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against p normalized by the aspect ratio of window diameter and nanosheet thickness 

according to the equation derived from eq 2.6 (ν was tentatively set to 0.25) 

p a / t = 4 0·  + 3.6 E                    () 

The respective data are presented in Figure 4.30b, with the values for the different a perfectly 

matching each other and building together a nearly straight line, which once again manifests 

that the E values for the PEG nanosheets are very small. These values can be directly calculated 

on the basis of the strain and the stress, according to eq 2.7. The calculated values for 0.3 mm, 

0.5 mm, and 1 mm diameters are 2.45 MPa, 2.47 MPa, and 2.41 MPa, respectively. These 

values are nearly identical, which suggests that the size of the window in a bulge test 

experiments does not influence the result. Note also that the Young’s modulus values can also 

be calculated by an alternative approach, as described in the section 4.2, relying on the p/h vs 

h2 (Figure 4.31). plots according to eq 2.6. The respective values of 2.13−2.21 MPa are very 

close to those obtained by the strain/stress method, but depend, however, on the Poisson’s ratio, 

the exact value of which for the PEG nanosheets is not known. Consequently, we consider 

evaluation of the Young’s modulus on the basis of the strain and stress values as preferable. 
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Figure 4.30. p vs h (a) and h/a vs p·a / t (b) plots for the PEG nanosheets suspended over 

the circular windows with the different diameters (see the legends); straight lines in (a) are 

tentatively drawn through the experimental points. (c) Thickness of the nanosheets as a 

function of p. 

 

A further interesting point is the thickness of the PEG nanosheets upon their stretching, which 

was estimated from the geometrical considerations. The respective data are shown in Figure 

4.30c. Accordingly, the thickness changes with different rates, depending on the size of the 

window. However, the ultimate thickness at the stretching close to the breakdown does not 
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vary much, estimated at ~32 nm, ~36 nm, and ~34.5 nm for a window diameter of 1 mm, 0.5 

mm, and 0.3 mm, respectively. This correlation underlines, once again, a consistency of the 

bulge test data for different sizes of the window. 
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Figure 4.31. p/h vs h2 plots for the PEG nanosheets suspended over the circular window with 

a diameter of 1 mm (a), 0.5 mm (b), and 0.3 mm (c). The straight lines are linear fits to the 

experimental points. The E values were derived from the slopes of these lines, according to eq 

2.6. 

 

A final aspect is the value of the residual stress (0) which a stress that remains in a material 

after the original cause of the stresses has been removed. The value of 0 can either be 

determined from the linear fit of the p vs h plots (Figure 4.30a) neglecting the second term 

on the right side of eq 2.6 or from the p/h vs h2 plots (Figure 4.31) as the intersection of the 

linear fit with the Y-axis. The first procedure gives 185 kPa, 194 kPa, and 190 kPa for the 0.3 

mm, 0.5 mm, and 1 mm windows, respectively. The second procedure gives closer values of 

204 kPa, 202 kPa, and 217 kPa, respectively. In both cases, the values do not vary noticeably 

with the window size. 

4.3.4. Effect of nanosheet thickness 

The dependence of the elastic properties on the thickness of the PEG nanosheets was studied 

in the 40−320 nm range. The results for two different windows were combined together since 

the thinnest nanosheets could not be suspended over the 1 mm window without a rupture. The 

derived values of the Young’s modulus are shown in Figure 4.32a. The data for the different 

windows perfectly match and complement each other, which is one more evidence that the size 

of the window in a bulge test experiments does not influence the result. According to these 

data, the Young’s modulus increases progressively with increasing film thickness, with a larger 
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rate at small thicknesses and a lower rate at large thicknesses. Such a behavior is understandable 

since a thin film is easier to deform and the effect should most likely be stronger at small 

thicknesses, at which the relative thickness changes more rapidly at a variation of the absolute 

thickness. 
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Figure 4.32. Young’s modulus (a) and residual stress (b) as functions of the nanosheet 

thickness. The experimental points are tentatively traced by the red dashed curves. The data for 

the thicknesses below and above 60 nm were obtained with the 0.5 mm and 1 mm windows, 

respectively. 

 

Note that the derived Young’s modulus values of the PEG nanosheets in the entire thickness 

range studied are very small, which renders these nanosheets extremely elastic. For comparison, 

the Young’s modulus of a 55 nm polyethylene nanosheet was estimated at 10 GPa,156 that of a 

vapor-deposited, 30 nm tris(8-hydroxyquinoline) aluminum film – 2.81–3.88 GPa.158 One of 

the lowest Young’s modulus values (32 MPa) was reported for ~100 nm plasma-polymerized 

allylamine films,159 but even this value is by more than an order of magnitude higher than that 

for the PEG nanosheets. 

Along with Young’s moduli, residual-stress values were calculated as well (Figure 4.32b). This 

parameter exhibits a progressive decrease with increasing film thickness. The behavioris nearly 

inverse to that of Young’s modulus but the relative extent of the σ0 variation is much larger. 

4.3.5. Effect of nanosheet composition 

Generally, STAR-NH2 and STAR-EPX precursors should be mixed in relation 1:1 to have 

optimal mixing ratio for the efficient crosslinking. However, in this case, the vast majority of 

the amine and epoxy groups form ethanol-amine-like bridges (Figure 3.1) and the amount of 

the non-reacted groups is very small. This situation is of advantage for most applications but is 
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unfavorable in the case of post-functionalization of PEG films and nanosheets, relying on the 

reaction of a specific functional group or a receptor with the non-reacted amine or epoxy 

moieties. A possible solution is then a deviation from the standard mixing ratio, setting a certain 

amount of amine or epoxy groups free and capable of further reactions. At the same time, such 

a deviation can change the other parameters of the films and nanosheets, including their 

elasticity. In this context, I studied the respective effect varying the STAR-NH2/STAR-EPX 

ratio to some extent, viz. as 1:2 and 2:1, and comparing the results with the reference nanosheet 

having the standard, most optimal composition (1:1). The respective p vs h plots are shown 

in Figure 4.33. For all three compositions, the experimental points exhibit nearly linear 

behavior, but the slope of the straight lines tracing this behavior for the both non-optimal 

compositions (1:2 and 2:1) is different from that for the optimal composition. This suggests 

different residual stress values in these films (see eq 2.6), which is most likely accompanied by 

the different Young’s moduli. Indeed, the E values, calculated from the strain/stress relation 

(eq 2.7), are 4.11 MPa for the 2:1 ratio and 4.67 MPa for the 1:2 ratio, differing from the 

reference value of 2.41 MPa for the 1:1 ratio. Interestingly, nearly the same increase of E occurs 

both at the excess of STAR-NH2 and at the excess of STAR-EPX. This makes sense since a 

distortion of the PEG network should be similar in both cases, with some of the PEG arms not 

participating in the crosslinking but staying loose. These arms cannot then participate in the 

stress-induced stretching of the matrix, which reduces its overall elasticity. 
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Figure 4.33. p vs h plots for the PEG nanosheets prepared at the different mixing ratios of 

the STAR-NH2 and STAR-EPX precursors (see the legend); a nearly linear dependence is 

tentatively traced by the straight lines. The thicknesses of the nanosheets were close to 100 nm. 

The window diameter was 1 mm. 
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4.3.6. Effect of electron irradiation 

Exposure of the PEG films to electrons results in partial desorption of the PEG material and 

transformation of at least a part of the residual film into carbon-enriched and oxygen-depleted 

matrix.31 The respective changes, following first-order kinetics,31 can be readily monitored by 

XPS. The XPS spectra of the pristine PEG nanosheet in Figure 4.34 show the characteristic C 

1s and O 1s peaks of the intact PEG moieties at binding energies (BEs) of 286.6 eV and 532.8 

eV, respectively. The intensity of both these peaks decreases progressively in the course of 

electron irradiation and a new peak at a BE of 284.9 eV, characteristic of carbon-enriched and 

oxygen-depleted residual matrix appears and increases in intensity. The depletion of oxygen is 

additionally emphasized by the intensity ratio of the overall C 1s and O 1s signals. If we set 

this ratio to 1.0 for the pristine film, the values for the irradiated film will be 1.46 (6 mC/cm2) 

and 1.81 (40 mC/cm2). The partial desorption of the PEG material is emphasized by the 

thickness reduction, which decreases from 86 nm to 81 nm (6 mC/cm2) and further to 77 nm 

(40 mC/cm2). 
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Figure 4.34. C 1s (a) and O 1s (b) XPS spectra of the pristine and irradiated PEG films (open 

circles). The dose and thickness are given at the respective spectra. The C 1s spectra are 

decomposed into the components related to the pristine (red dashed line) and modified (blue 
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dashed line) ether groups in the PEG film. The sum of these components for the irradiated films 

is drawn by the black solid line. 

 

Note that XPS probes only the topmost part of the PEG films, within the effective sampling 

depth which is generally given by 3, where  is the attenuation length of the photoelectrons 

depending on their kinetic energy.84 For the PEG films and given excitation energy, the latter 

parameter was estimated at 3.9 nm (C 1s) and 3.3 nm (O 1s),27 which gives the sampling depth 

of 10−12 nm. This is noticeably less than the thickness of the PEG films, so that it is not clear 

whether the electron-induced modification encloses the entire film or only a part of it. But, in 

any case, the extent of modification is significant, which can be reflected in elastic properties 

of the respective nanosheets. 

These properties are illustrated in Figure 4.35. The p vs h plots for the pristine and irradiated 

nanosheets are presented in Figure 4.35a. For all three samples, the experimental points exhibit 

nearly linear behavior, but the slope of the straight lines tracing this behavior varies with the 

dose, suggesting different residual stress values. Another parameter, which varies significantly 

over the series, is the maximal applied pressure before the nanosheet breaking. As shown in 

Figure 4.35b, this pressure decreases noticeably with irradiation dose, manifesting progressive 

diminishing of the nanosheet stability. The Young’s moduli, calculated from the strain/stress 

relation (eq 2.7), show a strong dependence on the dose as well (Figure 4.35c), with an increase 

by a factor of ~3.2 at 6 mC/cm2 and by a factor of 7.4 at 40 mC/cm2. This suggests a tremendous 

loss in elasticity upon electron irradiation. 

 

 

Figure 4.35. (a) p vs h plots for the pristine and irradiated (electrons) PEG nanosheets (see 

the legend giving also the thickness value); a nearly linear dependence is tentatively traced by 

the straight lines. (b) The pressure corresponding to the breaking of these nanosheets as a 
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function of irradiation dose. (c) Young’s modulus of these nanosheets as a function of 

irradiation dose. The window diameter was 1 mm. 

 

This loss is, however, understandable, assuming that the elastomer-like PEG network (Figure 

3.1) transforms into an oxygen-depleted carbonaceous matrix with extensively cleaved PEG 

arms which cannot be overstretched any more. In addition, the residuals of these arms are 

capable to create additional crosslinks in the network, limiting further its elasticity. Such a 

tentative mechanism behind the decrease in elasticity agrees well with the earlier reported, 

progressive loss of hydrogel properties of the PEG films upon electron irradiation.31 Note also 

that irradiation-induced crosslinking of aliphatic molecular assemblies is a well-known 

phenomenon, occurring complementary to the breaking of bonds.52,160 

4.3.7. Effect of UV light 

In contrast to electron irradiation, the exposure of the PEG films to UV light does not result in 

their modification but only in a partial loss of material, as discussed in section 4.1. The 

mechanism behind the respective decomposition of the PEG network, which follows zero-order 

kinetics, is however still unclear. Interestingly, the exposure of closely related, PEG-substituted 

SAMs to UV light results in the same effect as their exposure to electrons, viz. a decomposition 

of the PEG moieties and their chemical modification, accompanied by depletion of 

oxygen.114,123,134 The most likely mechanism behind this behavior in the UV case is the effect 

of so-called “hot” electrons originating from the substrate. On the first sight, no photoelectrons 

and secondary electrons from the substrate can reach molecular adsorbates since their energy 

at the given wavelength of the UV light is lower than the work function of the substrate. 

However, these electrons, termed then as “hot”, can tunnel into empty states at the substrate-

adsorbate interface over the work function barrier.145−148 Even though the penetration depth of 

these electrons into an organic film is limited, it is most likely sufficient to affect the entire 

SAM, which is just few nanometers thick.  

Taking this model into account, one can reasonably assume that the modification of the PEG 

films by UV light is also mediated by “hot” electrons. This process will then exclusively 

involve the region close to the buried PEG/substrate interface, within the penetration depth of 

“hot” electrons, and be not traceable by any technique applied to the outer (ambient) side of 

the PEG film. The elastic properties of the respective PEG nanosheets should, however, be 

changed significantly, since the exposure of their “bottom” side to the “hot” electrons will most 

likely have a similar effect on the elastic properties as that described in the previous section. 
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Figure 4.36. (a) p vs h plots for the pristine and irradiated (UV light) PEG nanosheets (see 

the legend); a nearly linear dependence is tentatively traced by the straight lines. (b) Young’s 

modulus of these nanosheets as a function of the nanosheet thickness; the UV doses are marked; 

the blue dashed line represents the general E–t dependence for the pristine nanosheets (Figure 

4.32). The window diameter was 1 mm. 

 

Representative p vs h plots for the pristine and exposed-to-UV-light PEG nanosheets are 

shown in Figure 4.36a; the decrease in the nanosheet thickness, given in the legend, manifests 

the expected effect of UV light.157 The experimental points for all the samples lie quite close 

to each other, which suggests a similarity of the elastic properties. Indeed, the Young’s moduli 

of these nanosheets, calculated on the basis of the strain/stress relation (eq 2.7), do not show 

much variation (Figure 4.36b). Most importantly, in contrast to the electron irradiation series 

(Figure 4.35c), the E value does not increase but decreases in the course of the irradiation 

treatment. Moreover, this decrease correlates perfectly with the general dependence of the 

Young’s modulus on the nanosheet thickness (Figure 4.32), as illustrated in Figure 4.36b. Thus, 

the elastic properties of the nanosheets exposed to UV light are identical to those of the pristine 

nanosheets with the same thickness, which exclude their partial modification by “hot” electrons. 

A further evidence for the lack of such a modification is provided by XPS, using the films and 

nanosheets on Au substrate for direct comparison with the data in section 4.1. According to 

these data and as shown in Figure 4.37, the characteristic XPS spectra of pristine and exposed-

to-UV-light PEG films are nearly identical, suggesting a lack of UV-induced chemical 

modification. These spectra are however representative of the topmost 10–12 nm of the PEG 

films and do not contain any information about possible chemical processes at the buried PEG-

substrate interface. This interface could, however, be directly accessed by the separation of the 

UV-treated film from the substrate and its placement onto the secondary substrate upside down, 

i.e. with the substrate side exposed to the XPS spectrometer. The respective spectra in Figure 
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37 are very similar to those of the opposite side and are distinctly different from the spectra of 

the films exposed to electrons (Figure 4.34). The low-intensity shoulders at the high BE and 

low BE sides of the C 1s peak in Figure 4.37 stem most likely from contamination on the 

surface of the substrate, sticking to the PEG film during its formation. 
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Figure 4.37. C 1s (a) and O 1s (b) XPS spectra of the pristine and irradiated (UV light) PEG 

films deposited on Au substrate. The dose and thickness are given at the respective spectra. 

The bottom and middle spectra, are identical to the spectra in Figure 4.5, correspond to the top 

side of the film facing the ambient, whereas the top spectra represent the side of the film facing 

the substrate. The irradiated film was turned around for the latter measurement. 

 

The hypothesis of “hot” electrons can thus be fully excluded as the mechanism behind the 

decomposition of the PEG films and nanosheets by UV light. One can however ask why this 

effect is likely of importance for OEG-substituted SAMs and of no impact for the PEG films. 

A possible explanation can be the difference in the electronic coupling to the substrate for these 

two kinds of systems. The SAMs couple strongly to the substrate,161 relying on the chemical 

bond between the anchoring group of the SAM-forming molecules and the substrate.80 

Consequently, tunneling of “hot” electrons between the respective, strongly coupled electronic 

systems is likely possible, as far as empty states at the molecular side of the interface are 
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available. In contrast, the coupling between the PEG film and the substrate can in the best case 

be described as physisorption, so that the electronic systems are weakly coupled (if at all) and 

the tunneling is hardly possible. Thus, one is only left with a direct effect of UV irradiation on 

the PEG films and nanosheets promoting the fragmentation of the PEG chains in contrast to 

their chemical modification, such as depletion of oxygen and chemical transformation. 
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4.4. Rational design of amine-rich PEG films as matrixes for ssDNA 

immobilization and hybridization 

4.4.1. Motivation 

The immobilization of ssDNA on solid supports is an important issue in physical chemistry of 

interfaces and biomedical research. To achieve a high hybridization efficiency and to form 

individual sensing spots, it is frequently necessary to immobilize ssDNA into a biocompatible 

matrix resisting non-specific ssDNA-surface interactions.36−38 By this way one can control the 

density of the immobilized probe ssDNA and suppress non-specific adsorption of target ssDNA 

beyond the predefined sensing spots, improving thus the specificity and efficiency of a 

particular assembly or a device. In this context, PEG is frequently used and a good candidate. 

The previous studies in our group demonstrated that the PEG films can serve as a bioinert 

matrix which can be decorated with proteins, subsequently used for specific biosensing, relying 

on the well-known biotin-avidin key-lock affinity.30 With this achievement in mind, it was 

interesting and promising to explore whether such a strategy is also suitable for the 

immobilization and hybridization of ssDNA, which was the subject of this particular subproject. 

For this purpose, I used the STAR-NH2 and STAR-EPX precursors with moderate molecular 

weights (2k), adjusting their mixing ratio to optimize the immobilization efficiency of ssDNA, 

and applied XPS and complementary electrochemical techniques to monitor the 

immobilization and hybridization processes. 

4.4.2. Specific experiments and procedures 

PEG film fabrication. Two specific kinds of PEG films were prepared in this specific study. 

They were prepared on SiO2 passivated Si substrates (see chapter 3 for details). In the first case, 

the same concentration of the STAR-NH2 and STAR-EPX precursors in the primary solutions 

was used (1:1 ratio), set to either 2 mg/mL or 25 mg/mL to get either thin (~15 nm) or thick 

(~100 nm) films. In the second case, the concentrations of 20 mg/mL for STAR-NH2 and 10 

mg/mL for STAR-EPX were used (2:1 ratio), to obtain PEG films (~80 nm thickness) with a 

noticeable amount of free NH2 groups, suitable for the reaction with the NHS ester groups of 

the substituted homo-oligonucleotides. Note that the NHS esters are reactive groups formed by 

carbodiimide-activation of carboxylate molecules. NHS-ester-labeled compounds react with 

primary amines under physiologic to slightly alkaline conditions (pH 7.2 to 9) to yield stable 

amide bonds after the release of the NHS group.162 For the sake of brevity, I will refer to these 

systems further in the manuscript as the 1:1 and 2:1 films, respectively. The 2:1 PEG films 
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were also fabricated on evaporated Au(111) substrates (30 nm Au on Si(100), 5nm Ti interlayer) 

− specifically for electrochemical measurements. 

ssDNA immobilization and hybridization. The procedures are schematically illustrated in 

Figure 4.38. For ssDNA immobilization, PEG films were immersed into 1M CaCl2-TE buffer 

(10 mM Tris-HCl and 1 mM EDTA, pH=7.4) containing 10 μM of ssDNA for 40 h at 37 °C. 

Note that the 1M CaCl2-TE buffer was supplanted by PBS buffer (pH=7.4) in the NHS-T5 and 

NHS-T10 cases to avoid reaction between the NHS ester group of ssDNA and the NH2 group 

of Tris-HCl. After the incubation, the samples were rinsed with Milli-Q water for 1 min and 

dried under N2 flow. For hybridization tests, the samples were immersed in a 1 M NaCl buffer 

containing 10 μM of target sequences for 8 h at room temperature. After incubation, the 

samples were rinsed with 1 M NaCl buffer for 1 min, briefly dipped in a small amount of Milli-

Q water (~0.5 mL) to remove excess salts, and finally dried with N2. 

 

 

Figure 4.38. The structures of the NHS-Tn, An, and Tn compounds as well as a schematic 

illustration of the NHS-Tn immobilization in the PEG matrix (shown schematically as a gray 

circle) over the free (non-reacted) NH2 groups and its subsequent reaction with the An and Tn 

targets. 
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4.4.3. XPS 
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Figure 4.39. C 1s (a), O 1s (b) and N 1s (c) XPS spectra of 1:1 PEG films before (top curves) 

and after their incubation into the T5, A5, T10 and A10 solutions. 

 

The monitoring of the relevant properties and processes within the given study relied on the 

well-known XPS spectra of pristine PEG films and thymine and adenine homo-

oligonucleotides. In accordance with the chemical composition, the PEG films exhibit the 

characteristic singular peaks at BEs of 286.8 eV (C 1s), 532.8 eV (O 1s), and 399.6 eV (N 1s), 

as shown in Figures 4.39 and 4.40 for the standard 1:1 case. As discussed in previous 

subchapters, the first two peaks are related to the PEG arms of the network and the third peak 

is representative of the nitrogen atoms in the ethanol−amine bridges. The homo-

oligonucleotides can be best traced by the N 1s and P 2p spectra, representative of the 

nucleobases and phosphate groups in the ssDNA backbone, respectively. The P 2p spectra, 

showing usually a merged P 2p3/2,1/2 doublet at a BE of 133.5−133.7 eV, are not nucleobase-

specific, but are a suitable fingerprint for the presence of ssDNA in the PEG matrix, which 

originally contains no phosphorus. The N 1s spectra are nucleobase-specific, which not only 

allows to monitor the presence of ssDNA but also to distinguish between thymine and adenine 

homo-oligonucleotides. In the case of thymine, the spectrum exhibits a single peak at a BE of 
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~400.5 eV, sometimes accompanied by a weak shoulder at a BE of ~398.5 eV associated with 

thymine moieties which are in direct contact with the substrate.64,163,167,168 In the case of adenine, 

the spectrum consists of two peaks at BEs of ~398.7 and ~400.5 eV with the characteristic 

intensity ratio of 2:1.64,163,168 Significantly, the positions of these characteristic features do not 

change noticeably upon the T−A hybridization.168−170 
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Figure 4.40. C 1s (a), O 1s (b), and N 1s XPS spectra of 1:1 PEG films before (top curves) and 

after their incubation into the T5 and T10 solutions, and the corresponding films after once 

more incubation into matching target ssDNA solutions (A5 and A10) 

 

The PEG films are expected to be inert to ssDNA strands, similar to their behavior with respect 

to proteins, as demonstrated in chapters 4.1 and 4.2. To verify this assumption, 1:1 films were 

exposed to the unmodified ssDNA strands, viz. Tn and An (n = 5 and 10), and characterized 

by XPS. The respective C 1s, O 1s and N 1s XPS spectra were found to be identical (within 

the experimental accuracy) to those of the original films (Figure 4.40), which demonstrates that 

the PEG films with the optimal mixing ratio of the precursors are indeed bioinert.  

These films contain, however, only a small amount of free amine groups (~3% according to 

our estimate, based on the infrared spectroscopy data from ref 27), which can be insufficient for 
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an effective immobilization of the NHS-ssDNA. Consequently, decoration of ssDNA strands 

with NHS ester should be a reasonable strategy to immobilize these strands into the PEG matrix 

over the NH2 groups which did not participate in the crosslinking reaction and retained their 

reactivity. 

Indeed, after the exposure of the 1:1 PEG films to NHS-T5 and NHS-T10, no noticeable 

changes could be observed in the XPS spectra of the samples (Figure 4.40), indicating a very 

small (if at all) degree of immobilization. As an additional proof, these samples were 

subsequently exposed to the target ssDNA strands complementary to T5 and T10, viz. A5 and 

A10, and characterized by XPS. Again, the spectra remained unchanged (Figure 4.40), which 

fully exclude that the probe T5 and T10 strands, capable to hybridize with A5 and A10, were 

present in the PEG matrix. 

The above results suggest that the 1:1 PEG films are not suitable for the immobilization of 

NHS-ester-modified ssDNA. A promising solution can then be a deviation from the 1:1 mixing 

ratio, resulting in a non-negligible amount of free amine groups, capable to react with the NHS 

ester moieties of the NHS-ssDNA. To verify this hypothesis, the STAR-NH2/STAR-EPX 

mixing ratio was set to 2:1 and 2:1 PEG films were prepared. The XPS spectra of the 2:1 PEG 

films were found to be nearly identical to those of the 1:1 prototypes, with the characteristic C 

1s, O 1s, and N 1s peaks at BEs of 286.8 eV, 532.8 eV, and 399.6 eV, respectively (Figure 

4.41). The presence of only one N 1s peak in these spectra means that both crosslinked and 

free amine groups have the same XPS binding energy. This circumstance simplifies the 

analysis of the spectra but make it difficult to provide an estimate for the amount of free amine 

groups. 

As the next step, bioinert properties of the 2:1 PEG films were tested. For this purpose, these 

films were exposed to A10 and T10 and characterized afterwards by XPS, relying on the 

characteristic C 1s, O 1s, and N 1s spectra. The respective data are presented in Figure 4.41. 

The spectra of the films exposed to A10 and T10 turned out to be identical (within the 

experimental accuracy) to those of the original films, which means that a moderate deviation 

from the optimal mixing ratio does not result in a deterioration of bioinert properties. Thus, the 

2:1 films can readily serve as a bioinert matrix for immobilization of probe ssDNA strands and 

subsequent hybridization with the target ssDNA strands, as far as immobilization and 

hybridization can be performed. 
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Figure 4.41. C 1s (a), O 1s (b), and N 1s (c) XPS spectra of the 2:1 PEG films before (top 

curves) and after their incubation into the A10 and T10 solutions. The N 1s spectra are 

tentatively fitted by a single peak (solid lines) and a background (dashed lines). 

 

Both these processes turned out to be indeed possible. The immobilization of the probe ssDNA 

strands (T5 and T10) was carried out with the help of NHS-T5 and NHS-T10, relying on the 

reaction between the NHS ester group of the latter moieties and the free amine groups in the 

PEG films. The process was monitored by XPS, relying on the C 1s, N 1s and P 2p spectra. 

The respective data are shown in Figures 4.42 and 4.43 for the NHS-T5 and NHS-T10 case, 

respectively. Let us first discuss the data for NHS-T5 and later − for NHS-T10. 

After the exposure of the 2:1 PEG films to NHS-T5, the C 1s spectrum of the resulting films 

(PEG/NHS-T5) looks similar to that of the original PEG film, whereas the N 1s and P 2p spectra 

change noticeably. In the N 1s spectrum, the peak at ~399.8 eV, associated with the PEG matrix, 

decreases in intensity and becomes accompanied by the characteristic peak of thymine at a BE 

of ~401.9 eV (see refs 64,163,167,168). In the P 2p spectrum, a characteristic signature of the 

phosphate groups in the ssDNA skeleton at a BE of ~133.7 eV is observed.91,163−166 This joint 

evidence indicates that the probe T5 strands were successively immobilized into the PEG 

matrix. 



75 

 

 

295 290 285 280 405 400 395 135 130

In
te

n
s
it

y
 (

a
rb

.u
n

it
s
)

PEG/NHS-T5

PEG/NHS-T5+T5

C 1s

2:1 PEG

PEG/NHS-T5+A5

a b c

Binding energy (eV)

N 1s P 2p

 

Figure 4.42. C 1s (a), N 1s (b), and P 2p (c) XPS spectra of the original 2:1 PEG film, PEG 

film exposed to NHS-T5 (PEG/NHS-T5), and PEG/NHS-T5 probe film exposed to 

mismatching (T5) and matching (A5) target ssDNA. The N 1s spectra are decomposed into 

individual contributions related to the amine groups in the PEG matrix (dark gray), thymine 

(blue), and adenine (red). The P 2p spectra are tentatively fitted by a single peak (solid lines) 

and a linear background (dashed lines). 

 

Next, the ability of the T5-functionalized PEG films to probe a complimentary target ssDNA 

(A5) was tested by their incubation into A5 solution and subsequently characterized by XPS. 

Once again, the C 1s spectrum, representing predominantly the PEG matrix, did not change 

noticeably, whereas the N 1s and P 2p XPS spectra, representing the ssDNA species, showed 

pronounced changes. In the P 2p spectrum, an increase in the intensity of the characteristic 

phosphate feature by a factor of ~1.78 is observed, corresponding to a high extent of 

hybridization (~78%). In the N 1s spectrum, the shoulder at ~401.9 eV increases in intensity 

and becomes comparable to the main peak. Assuming that this increase stems from the T5−A5 

hybridization, the spectrum was decomposed in three components associated with the NH2 and 

NH groups in the PEG matrix, thymine, and adenine, with the PEG matrix represented by a 
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single peak at the BE of ~399.8 eV, thymine − by a single peak at 401.9 eV, and adenine − by 

two peaks at ~400.4 eV and ~402.2 eV with an intensity ratio of 2:1. As shown in Figure 4.42, 

the N 1s spectrum could be fully reproduced by such a combination. The relative weights of 

the thymine and adenine components corrected for the different contents of the nitrogen atoms 

in these bases (2 for thymine and 5 for adenine; see Figure 4.38) give then the extent of 

hybridization, which was estimated at ~80%, in excellent agreement with the P 2p data. 

To verify selectivity of the T5-decorated PEG films to specific target, this film was exposed to 

a mismatching ssDNA sequence (T5) and examined by XPS. As shown in Figure 4.42, the C 

1s, N 1s and P 2p XPS spectra of the film taken before and after such an exposure are identical 

(within the experimental error), which indicates that the hybridization is indeed highly selective. 

The data for the immobilization of NHS-T10 into the 2:1 PEG films and the related 

hybridization tests with the matching (A10) and mismatching (T10) ssDNA sequence are 

presented in Figure 4.43. The same behavior as in the case of NHS-T5, A5, and T5 is observed 

(Figure 4.42) but the changes of the XPS spectra upon the immobilization of the probe strands 

and their hybridization with the matching target are even more pronounced, which is 

understandable in view of the longer ssDNA chain and, subsequently, a larger spectral weight 

of the respective fingerprint features. Based on the decomposition of the N 1s spectra, the extent 

of hybridization was estimated at ~89%, which is even somewhat higher than that for the 

shorter T5/A5 strands, driven, most likely by a larger energy gain. The ssDNA-backbone-

representative P 2p spectra, which show an intensity increase by a factor of ~1.88 upon the 

specific hybridization (T10−A10), give nearly the same value of the hybridization efficiency, 

supporting the reliability of the derived value. In contrast, similar to the T5/A5 case, no changes 

in the XPS spectra were observed after the exposure of the T10-decorated PEG films to a 

mismatching sequence (T10). 
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Figure 4.43. C 1s (a), N 1s (b), and P 2p (c) XPS spectra of the original 2:1 PEG film, PEG 

film exposed to NHS-T10 (PEG/NHS-T10), and PEG/NHS-T10 probe film exposed to 

mismatching (T10) and matching (A10) target ssDNA. The N 1s spectra are decomposed into 

individual contributions related to the amine groups in the PEG matrix (dark gray), thymine 

(blue), and adenine (red). The P 2p spectra are tentatively fitted by a single peak (solid lines) 

and a linear background (dashed lines). 

 

The XPS data for the T5/A5 and T10/A10 series can also be compared to each other. In 

particular, both for the T10-decorated PEG films and the films subjected to the specific 

hybridization, the intensity of the P 2p signal is approximately double with respect to that in 

the T5/A5 case. This relation suggests a similar amount of the immobilized ssDNA species in 

the T10/A10 and T5/A5 cases, which indicates that the ssDNA immobilization ability of the 

2:1 PEG film does not depend strongly on the length of ssDNA strands but is predominantly 

determined by the amount of free amine groups. A tentative evaluation of the areal densities of 

the immobilized T5 and T10 probe strands, performed on the basis of the N 1s XPS spectra 

and the nitrile-terminated SAM as a reference (see section 3.2.3 for the technical details), gives 

the areal densities of 3.6  1012 strands/cm2 and 2.7  1012 strands/cm2 for the PEG/NHS-T5 

and PEG/NHS-T10 assemblies, respectively. Note, however, that both these values represent 

coarse estimates only and are most likely somewhat higher in reality since the N 1s 
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photoemission signal from the quasi-bulk PEG-ssDNA samples is diminished by self-

attenuation, in contrast to the signal from the terminal nitrogen atoms of the reference SAM, 

which is not affected by the attenuation at all. 

The somewhat higher areal density for the PEG/NHS-T5 assembly compared to the PEG/NHS-

T10 case is most likely related to a better permeability of the shorted NHS-T5 moieties in the 

PEG matrix. Nevertheless, the permeability is obviously still good enough for the NHS-T10 

species, but can probably become a problem for noticeably longer ssDNA strands. Based on 

the length of the precursor arms (3.5–4 nm), a 3D PEG mesh with a characteristic pore size of 

7–8 nm can be expected, which is of course larger than the cross-sectional dimeter of ssDNA 

(~2 nm) but is, even for a short strand, much smaller than the ssDNA length, determined by 

the effective persistence length (~2 nm 171) and the number of bases. 

A related aspect is the behaviour of the C 1s XPS spectra. As was mentioned above and seen 

in Figures 4.42 and 4.43, these spectra do not exhibit noticeable changed upon the 

immobilization of the probe T5 and T10 strands into the PEG film, except probably a small 

decrease in intensity. This means that the signal of the PEG matrix, represented by a single 

peak at a BE of ~286.6 eV (see above), dominates over the signal of the ssDNA strands, 

overlapping partly with the PEG feature and represented by several peaks with specific 

intensity ratios and dominant spectral weight at a BE of 284.6−285.5 eV.91,172 Consequently 

and most likely, the immobilization of ssDNA does not involve the entire PEG film but, 

predominantly, the topmost part of it, occurring in a gradient fashion. Only after the specific 

hybridization, a small ssDNA-stemming shoulder at the low BE side of the PEG-related C 1s 

peak is observed. 

The permeability of ssDNA in the PEG matrix was additionally studied by exposure of 

comparably thin (15 nm) 1:1 PEG films to unmodified homo-oligonucleotides, T10 and A10. 

As demonstrated above, both 1:1 and 2:1 PEG films are generally inert to these biomolecules, 

so that any traces of T10 and A10 found in the spectra will most likely represent the strands 

penetrated through the film and adsorbed at the film-substrate interface, driven by their affinity 

to the non-bioinert Si/SiO2 substrate. Indeed, such traces could be found in the XPS spectra of 

both PEG/T10 and PEG/A10 (Figure 4.44), suggesting that the permeability depth of these 

strand into the PEG film is at least 15 nm. 
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Figure 4.44. C 1s (a), O 1s (b), and N 1s XPS spectra of the ultrathin 1:1 PEG film (15 nm) 

before and after their incubation into the A10 and T10 solutions. The N 1s spectra are 

decomposed into individual contributions related to the amine groups in the PEG matrix (dark 

gray), thymine (blue), and adenine (red). 

 

The affinity of the Si/SiO2 substrates to the ssDNA was additionally verified by their exposure 

to T10 and A10. The resulting XPS spectra in Figure 4.45 show a noticeable increase in the 

intensity of the C 1s signal and appearance of the N 1s signal, which both indicate the 

adsorption of T10 and A10 onto the substrate. The C 1s spectra of both adsorbed ssDNA strands 

represent a single peak at a BE of 285.7−285.8 eV, accompanied by a weak high energy 

shoulder. Such spectra should indeed overlap significantly with the C 1s spectrum of the 

original PEG film, so that detection of ssDNA immobilization and hybridization on the basis 

of the C 1s XPS spectra is hardly possible. 
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Figure 4.45. C 1s (a) and N1s (b) XPS spectra of the Si/SiO2 substrate before and after their 

incubation into the A10 and T10 solutions. The N 1s spectra are decomposed into individual 

contributions related to thymine (blue), and adenine (red). 

 

4.4.4. Electrochemical studies 

The immobilization of the ssDNA into the PEG matrix and hybridization ability of the resulting 

assemblies were also monitored by electrochemical measurements, which were carried out for 

the 2:1 films only. These films were specifically fabricated on Au substrates serving as the 

working electrode in the electrochemical cell. The recorded cyclic voltammograms (CVs) 

provided then as a measure of the electrochemical passivating ability of the PEG films 

(Au/PEG) and PEG/ssDNA assemblies (Au/PEG/ssDNA) towards the [Fe(CN)6]
3−/4− redox 

couple in the electrolyte solution. In contrast, the EIS analysis provided an information on the 

Rct of the electrochemical cell. 

As the first step, electrochemical passivating ability and bioinertness of the PEG films were 

tested. The respective data are shown in Figure 4.46. According to the CVs (Figure 4.46a) and 

the data in Table 4.1, in which the numerical results of the electrochemical measurements are 

summarized, the presence of a ~80 nm PEG film on the Au electrode results in just a moderate 

suppression of the redox current and in just 33% decrease of the electrochemical capacitance, 
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which is proportional to the area encircled by the respective CV.173 Such a moderate reduction 

is related to the porous structure of this film,27,157 which is favorable for the efficient diffusion 

of the [Fe(CN)6]
3−/4− species towards the Au electrode. Also, the Rct value did not changed 

much after the introduction of the PEG film, increasing from 25  to 40  (Table 4.1), as 

follows from the Nyquist plots for the Au and Au/PEG samples in Figure 4.46b. The diameters 

of the semicircles in the high frequency region of these plots correspond to the Rct values of the 

samples. 
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Figure 4.46. CVs (a) and Nyquist plots (b) for the blank Au electrode and Au/PEG electrode 

before and after its incubation into the non-substituted A10 and T10 solutions. 

 

Table 4.1. Capacitance with respect to the cell with the blank Au working electrode and the 

charge transfer resistance sssociated with the specific samples. 

Sample Relative Capacitance Charge Transfer Resistance  

Au 100% 25 Ω 

Au/PEG 67% 41 Ω 

Au/PEG+A10 65% 40 Ω 

Au/PEG+T10 65% 43 Ω 

Au/PEG/NHS-T5 50% 95 Ω  

Au/PEG/NHS-T5+T5 49% 97 Ω 

Au/PEG/NHS-T5+A5 32% 195 Ω  

Au/PEG/NHS-T10 34% 158 Ω  

Au/PEG/NHS-T10+T10 33% 155 Ω 

Au/PEG/NHS-T10+A10 19% 330 Ω  

 

Exposure of the PEG films to the non-substituted ssDNA (A10 and T10) resulted in no obvious 

changes in their CVs (Figure 4.46a) and Nyquist plots (Figure 4.46b), with the nearly identical 
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values of the relative capacitance and Rct before and after exposure (Table 4.1). This behavior 

indicates the bioinert character of the 2:1 PEG matrix, in full agreement with the XPS data (see 

section 4.4.3). 

Subsequently, immobilization of NHS-T5 and NHS-T10 into the PEG matrix and the exposure 

of the resulting PEG-ssDNA films to the matching and non-matching target sequences were 

conducted, which were monitored by CV and EIS. The respective data are presented in Figures 

4.47 and 4.48; the derived values of the relative capacitance and Rct are compiled in Table 4.1. 

Let us first discuss the data for NHS-T5 and later − for NHS-T10. After the exposure of the 

Au/PEG to NHS-T5, the redox currents in the electrochemical cell decreased (Figure 4.47a), 

indicating a higher resistance of the working electrode. This effect is even more obvious in the 

Nyquist plots (Figure 4.47b), which shows a noticeable increase in the diameter of the 

semicircle corresponding to an increase in Rct from 41 Ω to 95 Ω (Table 4.1). This increase 

manifests the immobilization of the probe T5 strands into PEG matrix and is explained by the 

effect of the negatively charged phosphate groups of the ssDNA, which hinder the 

[Fe(CN)6]
3−/4− from diffusing to the electrode surface.174,175 
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Figure 4.47. CVs (a) and Nyquist plots (b) for the Au/PEG working electrode and the 

Au/PEG/NHS-T5 electrode before and after its exposure to mismatching (T5) and matching 

(A5) target ssDNA. 

 

The electrochemical data of the NHS-T10 immobilized Au/PEG electrode (Au/PEG/NHS-T10) 

and after its exposure to the mismatching (T10) and matching (A10) ssDNA sequences are 

shown in Figure 4.48. Both the CVs (Figure 4.48a) and the Nyquist plots (Figure 4.48b) exhibit 

the same behavior as the analogous data for the NHS-T5 case (Figure 4.47), which is also 

reflected by the relative capacitance and Rct values in Table 4.1. In particular, the relative 

capacitance of Au/PEG decreased from 67% to 34% after the NHS-T10 exposure, while the 



83 

 

Rct value increased from 41  to 158 , manifesting the NHS-T10 immobilization in the PEG 

matrix. The exposure of the PEG/NHS-T10 probe to the matching sequence (A10) resulted in 

a further decrease of the relative capacitance from 34% to 19% and an increase of Rct from 158 

 to 330 , manifesting a high degree of the hybridization. In contrast, no noticeable changes 

both in the experimental curves (Figure 4.48) and the derived fingerprint values (Table 4.1) 

were observed after the exposure of the PEG/NHS-T10 probe to the mismatching sequence 

(T10), manifesting thus a high selectivity of this probe. 
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Figure 4.48. CVs (a) and Nyquist plots (b) for the Au/PEG/NHS-T10 working electrode before 

and after its exposure to mismatching (T10) and matching (A10) target ssDNA. 

 

Comparing the values for the NHS-T5 case with those for the NHS-T10 case in Table 4.1, viz. 

PEG/NHS-T5 vs PEG/NHS-T10 and PEG/NHS-T5+A5 vs PEG/NHS-T10+A10, we find that 

both the relative capacitance and Rct do not reproduce exactly the factor of 2 describing the 

base number difference between T5/A5 and T10/A10. The observed relations can, on the one 

hand, be affected by the contributions from the PEG matrix and, on the other hand, reflect the 

somewhat different areal densities of the immobilized T5 and T10 moieties in the matrix.  

In contrast, both in the NHS-T5 and NHS-T10 case, the values of Rct increase by a factor close 

to 2 after the hybridization with the matching A5 and A10 sequences, which means that Rct can 

be used as a tentative measure for the extent of hybridization. Generally, looking at the data in 

Figures 4.46−4.48, one can say that the Nyquist plots represent a much clear and distinct way 

to monitor the immobilization and hybridization processes in the PEG matrix than the CVs. 

Thus, EIS can be efficiently used as a transduction technique for these processes. 

Finally, the sensitivity of this technique in the case of PEG/NHS-T10+A10 was tested. The 

concentration of A10 was varied from 10 µM (the standard value in this study) to 0.1 µM. The 
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respective Nyquist plots are presented in Figure 4.49a and the derived values of Rct are shown 

in Figure 4.49b. Accordingly and as expected, the Rct value decreases progressively with the 

decreasing A10 concentration. This value is still noticeably higher than the reference value for 

PEG/NHS-T10 at 0.2 µM and nearly equal to the reference value at 0.1 µM. Consequently, the 

sensitivity of PEG/NHS-T10 to A10 is down to 0.1–0.2 µM, which can be probably improved 

even further by increasing the porosity of the PEG matrix and the areal density of the primary 

T10 probes. 

 

0 100 200 300 400 500

0

50

100

150

200

250

300

-1 -0.5 0 0.5 1
140

160

180

200

220

240

260

280

300

320

340

360 Au/PEG/NHS-T10  (10 µM)

 +A10 (0.1 µM)

 +A10 (0.2 µM)

 +A10 (0.5 µM)

 +A10 (1 µM)

 +A10 (2 µM)

 +A10 (5 µM)

 +A10 (10 µM)

- 
Z

''
 (

Ω
)

Z' (ohm)

a b

 

 

R
c

t 
a

ft
e
r 

H
y

b
ri

d
iz

a
ti

o
n

 (
Ω

)

log (A10 concentration / µM)

R
c

t 
b

e
fo

re
 H

y
b

ri
d

iz
a

ti
o

n
 (

Ω
)

PEG/NHS-T10

 

Figure 4.49. Nyquist plots (a) and the derived Rct values (b) for the Au/PEG/NHS-T10 working 

electrode before (red symbol in b) and after (black symbols in b) its exposure to matching A10 

target ssDNA. The concentration of A10 was varied. The Rct behavior in (b) is tentatively traced 

by straight dashed line. 
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4.5. Exploiting epoxy-rich PEG films for highly selective ssDNA sensing via 

electrochemical impedance spectroscopy 

4.5.1. Motivation 

As demonstrated in chapter 4.4, the probe ssDNA receptor was immobilized into the amine-

rich PEG matrix over the amine groups, using N-hydroxy succinimide ester groups as a docking 

moiety. Alternatively, not amine but epoxy docking sites can be used, providing coupling to 

thiolated probe ssDNA strands over the established thiol-epoxy click reaction that leads to the 

formation of a β-hydroxythio-ether linkage.176,177 This approach, which I introduce in this 

specific subproject can then potentially provide an alternative to the d́irect  ́ assembly of 

thiolated ssDNA on gold substrates. Consequently, for a better comparison, I used the same 

gold substrate for the PEG films and compared their efficiency with that of the direct ssDNA 

assembly, both in terms of immobilization of the probe ssDNA and the hybridization ability 

and selectivity of the resulting DNA sensing platform. As the suitable transduction technique, 

electrochemical tools were applied, with an emphasis put on electrochemical impedance 

spectroscopy, which, as expected,37,178−182 turned out to be particular efficient for the given 

purpose. 

4.5.2. Specific experiments and procedures 

PEG film fabrication. PEG films used in this subproject were prepared on Au substrates, the 

general preparation methods are described in chapter 3. Since the immobilization of the T10-

SH probe strands into the PEG matrix relied on the reaction between the thiol and epoxy groups, 

epoxy-rich PEG films were primarily utilized. For these films, concentrations of 20 mg/mL for 

STAR-EPX and 10 mg/mL for STAR-NH2 (2:1 ratio) were employed. Consequently, only a 

part of the terminal epoxy groups of STAR-EPX was involved into the formation of the 

crosslinking bridges, whereas the residual part was available for the T10-SH coupling. The 

thickness of the film was ~65 nm, as measured by ellipsometry (see chapter 3 for details). To 

test the validity of this approach and exclude the possibility of ssDNA penetration to the 

underlying Au substrate through the PEG film, equilibrium (EPX:NH2 = 1:1) and epoxy-poor 

(EPX:NH2 = 1:2) films with similar thicknesses were prepared. In the former case, the 

concentrations of both STAR-NH2 and STAR-EPX precursors were set as 15 mg/mL, resulting 

in a film thickness of ~70 nm. In the latter case, the concentrations of 10 mg/mL for STAR-

EPX and 20 mg/mL for STAR-NH2 were utilized, resulting in a film thickness of ~63 nm.  



86 

 

ssDNA immobilization and hybridization. For the ssDNA immobilization, the epoxy-rich 

(primarily) and reference PEG films and the clean Au substrates were immersed into a 1M 

CaCl2-TE buffer (10 mM Tris-HCl and 1 mM EDTA, pH=7.4) containing the probe ssDNA at 

different concentrations (2 μM−10 μM) for 30 h at 37 °C. Subsequently, the samples were 

rinsed with Milli-Q water for 1 min and dried under N2 flow. The samples intended for the 

hybridization process were immersed in a 1M CaCl2-TE buffer containing the target strands 

for 8 h at room temperature. Following the incubation, the samples were rinsed with a 1 M 

NaCl buffer for 1 min. They were then briefly dipped into a small amount of Milli-Q water 

(~0.5 mL) to remove excess salts, and finally dried with N2. 

4.5.3. General procedure and effect of concentration 

 

 

Figure 4.50. Schematic illustration of the immobilization of probe ssDNA (T10-SH) into an 

epoxy-rich PEG film, followed by the subsequent reaction with matched (A10) and (T10) 

targets; as well as the immobilization of T10-SH onto a pure Au substrate and its reaction with 

the mismatched T10. 

 

The experiments are schematically illustrated in Figure 4.50. The PEG films were prepared on 

the gold substrates. Afterwards, the probe ssDNA (T10-SH) was immobilized into the PEG 

matrix relying on the thiol-epoxy link. Subsequently, the PEG-ssDNA films were exposed to 

either the matching A10 strands or reference, mismatching T10 homo-oligonucleotides. For the 

comparison, the probe T10-SH strands were directly immobilized on the gold substrate, relying 

on the thiolate−gold bond. Similar to the PEG-ssDNA case, these films were also exposed to 

A10 (not shown) and T10. 
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Figure 4.51. CV curves (a) and Nyquist plots (b) for the bare Au electrode and Au/PEG 

electrode (epoxy-rich film) before and after its incubation into the T10-SH solutions with 

different concentrations. (c) Dependence of the Rct gain upon the exposure of Au/PEG to T10-

SH on the concentration of T10-SH. Equivalent circuit is shown in panel (b). 

 

All steps were monitored by the electrochemical tools. The data for the formation of the PEG 

film and the immobilization of T10-SH into the epoxy-rich PEG matrix are presented in Figure 

4.51. The concentration of T10-SH in the buffer solution was varied. The CV curves displayed 

in Figure 4.51a reveal that the presence of a ~65 nm PEG film on the Au electrode leads to only 

a moderate reduction in the redox current. This behavior can be attributed to the porous nature 

of the film, which effectively mitigates the diffusion hindrance encountered by the 

[Fe(CN)6]
3−/4− species as they traverse the PEG matrix towards the Au surface. In contrast, the 
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redox current decreases noticeably upon incubating the Au/PEG electrode into T10-SH solution, 

with the larger effect at the increasing T10-SH concentration. This behavior suggests efficient 

immobilization of T10-SH into the PEG matrix, which results in a partial closure or narrowing 

of the pores, hindering the [Fe(CN)6]
3−/4− diffusion toward the gold electrode. An additional 

impact is provided by the negatively charged phosphate groups of the ssDNA, which further 

hinder the diffusion of [Fe(CN)6]
3−/4− to the electrode surface.174 

The respective EIS data are in complete agreement with the CV results, as in particular can be 

directly seen from the Nyquist plots displayed in Figure 4.51b. The Nyquist plots can be 

described by an equivalent circuit, shown in Figure 4.51b, with four elements associated with 

four different parameters: the charge transfer resistance (Rct), Warburg impedance (Rw), electric 

double layer capacitance (Cdl), and solution resistance (Rs). These plots change only slightly at 

going from the clean Au substrate to Au/PEG but rather significantly upon incubating the 

Au/PEG electrode into T10-SH solution, with progressively larger changes at the increasing 

T10-SH concentration. The respective changes can also be traced quantitatively, using Rct as 

parameter (Table 4.2). This parameter can be derived from the diameter of the semicircle in the 

high-frequency region of the Nyquist plots. Accordingly, the Rct value showed only a slight 

increase upon the introduction of the epoxy-rich PEG film, with an increase from 22 Ω to 31 

Ω. When the epoxy-rich PEG film was exposed to T10-SH (2 μM), significant changes were 

observed in the diameter of its Nyquist plot, corresponding to a higher Rct value of 162 Ω. 

Moreover, Rct increased even further, in a nearly linear fashion at an increase in the T10-SH 

concentration (Figure 4.51c), indicating a progressively larger content of the immobilized T10-

SH strands in the PEG matrix, without a tendency to the saturation. This behavior demonstrates 

that the epoxy-rich PEG matrix possesses a sufficient number of available epoxy groups for 

reacting with thiol-decorated ssDNA strands, so that an even larger amount of these strands 

than in the 10 μM case can be immobilized if necessary. In any case, by adjusting the 

concentration of the probe ssDNA in the buffer solution, it is possible to control their efficient 

packing density in the PEG film and, consequently, the impedance values of the respective 

DNA sensing platform, serving as a basis for the monitoring of the hybridization. However, to 

limit the parameter space and to make a better comparison with the reference Au/ssDNA system 

(see below), we decided to fix the concentration of T10-SH at 2 μM in all further experiments.  
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Table 4.2. Rct values for Au, Au/PEG, and Au/PEG + T10-SH (variable concentration).  

Sample Rct 

Au 22 Ω (2 Ω) 

Au/PEG 31 Ω (2 Ω) 

Au/PEG + T10-SH (2 μM) 162 Ω (4 Ω) 

Au/PEG + T10-SH (5 μM) 273 Ω (5 Ω) 

Au/PEG + T10-SH (10 μM) 512 Ω (8 Ω) 

 

4.5.4. Validity of the thiol-epoxy linkage 
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Figure 4.52. CV curves (a) and Nyquist plots (b) for the Au/PEG electrode before and after its 

exposure into T10 or T10-SH solutions (2 μM). 

 

Assuming that the immobilization of T10-SH occurs exclusively over the thiol-epoxy linkage, 

we should exclude all other immobilization scenarios, including a coupling of the nucleobase 

part of T10-SH to the PEG network or its physical trapping in the PEG matrix. To this end, we 

conducted an experiment involving the exposure of the epoxy-rich PEG film to a solution of 

T10 (2 μM), lacking the thiol decoration. The resulting CV curve and Nyquist plot are presented 

in Figure 4.52, along with the corresponding data for the original epoxy-rich PEG film and its 

exposure to a T10-SH (2 μM) solution, shown once again for comparison. Remarkably, the 

exposure of the epoxy-rich PEG films to T10 showed no discernible changes in their CV curves 
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(Figure 4.52a) and Nyquist plots (Figure 4.52b). Also, the Rct values of Au/PEG before and 

after the T10 exposure remained nearly identical, viz. 31 Ω and 33 Ω, respectively. This 

behavior is in stark contrast to the changes observed in the T10-SH case, highlighting the 

specific character of the thiol-epoxy coupling and bioinert nature of the epoxy-rich PEG matrix. 
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Figure 4.53. Nyquist plots for (a) the Au/equilibrium PEG electrode, and (b) the Au/epoxy-

poor PEG electrode before and after their exposure into T10-SH solution (2 μM). 

 

A further possibility which has to be excluded is the diffusion of the T10-SH moieties through 

the entire PEG film to the Au substrate and their subsequent immobilization at the Au/PEG 

interface relying on the strong affinity of the thiol groups to gold, including Au(111) in 

particular. Even though such an option is rather unlikely in view of the significant thickness of 

the PEG film in our specific case (~65 nm), a specific proof is necessary. To this end, we 

performed the T10-SH immobilization experiments for the equilibrium (EPX/NH2 = 1:1) and 

the epoxy-poor PEG films (EPX:NH2 = 1:2). The results are presented in Figures 4.53a and 

4.53b, respectively. In contrast to the data for the epoxy-rich PEG film (Figure 4.52b), the 

exposure of the equilibrium (EPX/NH2 = 1:1) PEG film to T10-SH results in only a small 

change in the Nyquist plot compared to that for Au/equilibrium PEG (Figure 4.53a), while 

nearly no change at all was recorded for the epoxy-poor film (Figure 4.53b). The respective Rct 

values along with σ values are compiled in Table 4.3. Apart from the small differences for the 

pristine PEG films, associated with the slightly different film thicknesses, the Rct values show 

a clear trend, with the large increase upon the exposure to T10-SH for the epoxy-rich film, only 

small increase for the equilibrium film, and nearly no increase for the epoxy-poor film. Since 

the gold substrate is the common element for all these films and the film thickness did not vary 
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much across the series, one is only left with the number of active epoxy groups as the reason 

behind the observed behavior. Consequently and as intended, these groups are responsible for 

the immobilization of T10-SH in the Au/PEG samples and the penetration of T10-SH to the 

substrate does not occur at the given film thicknesses. 

 

Table 4.3. Rct values before and after T10-SH exposure for the epoxy-rich, equilibrium, and 

epoxy-poor PEG films (the film thicknesses are given).  

Sample Thickness 
Rct before T10-SH 

exposure 

Rct after T10-SH 

exposure 

Au/PEG (EPX:NH2=2:1) ~65 nm 31 Ω (2 Ω) 162 Ω (4 Ω) 

Au/PEG (EPX:NH2=1:1) ~70 nm 37 Ω (2 Ω) 51 Ω (3 Ω) 

Au/PEG (EPX:NH2=1:2) ~63 nm 33 Ω (2 Ω) 35 Ω (2 Ω) 

 

4.5.5. Hybridization ability of the ssDNA-loaded PEG film 

After the above epoxy−thiol coupling validity tests, the hybridization ability of the PEG + T10-

SH film was monitored by its exposure to the mismatching (T10) and matching (A10) target 

homo-oligonucleotides, which was monitored by CV and EIS. The corresponding data are 

presented in Figure 4.54 and the Rct values derived from the EIS curves are compiled in Table 

4.4. The exposure of the Au/PEG + T10-SH electrode to the mismatching sequence (T10) 

resulted in minimal changes in the CV profile and the Nyquist plot, leading to only a tiny 

increase in Rct from 162 Ω to 165 Ω. These observations suggest that the hybridization did not 

occur for the mismatching sequence and that the T10-SH-loaded PEG matrix maintained its 

pristine bioinert properties, preventing adsorption or trapping of T10 in the matrix. In contrast, 

the exposure of the Au/PEG + T10-SH electrode to the matching sequence (A10) resulted in a 

significant reduction in the redox current (Figure 4.54a), indicating an enhanced resistance at 

the working electrode. This effect was even more pronounced in the Nyquist plots (Figure 

4.54b), which exhibit a noticeably increased diameter of the semicircle, corresponding to an 

elevation in Rct from 162 Ω to 339 Ω. This behavior demonstrates highly selective and efficient 

hybridization of the probe T10 and target A10. 
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Figure 4.54. CV curves (a) and Nyquist plots (b) for the Au/PEG + T10-SH electrode before 

and after its exposure to mismatching (T10) and matching (A10) target ssDNA. The 

concentration of both probe and target ssDNA was set as 2 μM. 

 

Table 4.4. Rct values for the Au/PEG related samples.  

Sample Rct 

Au/PEG 31 Ω (2 Ω) 

Au/PEG + T10 (2 μM) 33 Ω (2 Ω) 

Au/PEG + T10-SH (2 μM) 162 Ω (4 Ω) 

Au/PEG + T10-SH (2 μM) + T10 (2 μM) 165 Ω (4 Ω) 

Au/PEG + T10-SH (2 μM) + A10 (2 μM) 339 Ω (6 Ω) 

 

4.5.6. Comparison to the reference Au/ssDNA system 

The use of gold substrates has been extensively employed for the immobilization of thiol-

decorated ssDNA and its subsequent hybridization. As we introduce epoxy-rich PEG films, 

serving as an alternative template for the same purpose, it is of interest to compare its ssDNA 

loading and hybridization ability to that of the standard Au/ssDNA assembly (see Figure 4.50). 

To this end, the immobilization of T10-SH directly onto the Au substrate was conducted, 

followed by exposure of the resulting Au + T10-SH film to the mismatching (T10) and 

matching target (A10) sequences. The respective steps were monitored by CV and EIS and the 

corresponding data are presented in Figure 4.55, complemented by the derived Rct values, 

compiled in Table 4.5. 
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Figure 4.55. CV curves (a) and Nyquist plots (b) for the Au + T10-SH electrode before and 

after its exposure to mismatching (T10) and matching (A10) target ssDNA. The concentration 

of both probe and target ssDNA was set as 2 μM. 

 

Let us begin the discussion with the CV curves (Figure 4.55a). The redox current observed for 

Au + T10-SH are still comparable to that of the original Au electrode (Figure 4.51a), and no 

significant change is observed after exposure to the T10 solution. Only when the Au + T10-SH 

film is exposed to the A10 solution, a visible decrease in the redox currents is observed. In the 

case of direct immobilization of ssDNA probes on a bare Au substrate, it's important to note 

that this process may not completely obstruct the entire active area of the conductive Au surface, 

thereby allowing electron transfer processes to persist on the electrode. Additionally, due to its 

inherently limited timescale, CV measurements may not fully capture the effects induced by 

the ssDNA immobilization. These findings indicate that the CV technique is not the preferred 

method for monitoring direct immobilization and hybridization of ssDNA on Au surface. 

 

Table 4.5. Rct values for the Au/ssDNA related samples. 

Sample Rct 

Au 22 Ω (2 Ω) 

Au + T10-SH (2 μM) 210 Ω (5 Ω) 

Au + T10-SH (2 μM) + T10 (2 μM) 241 Ω (6 Ω) 

Au + T10-SH (2 μM) + A10 (2 μM) 365 Ω (6 Ω) 
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In contrast, the EIS data behave distinctly different (Figure 55b). The Nyquist plot of the clean 

gold electrode (Figure 51b) changes significantly upon the T10-SH assembly (Figure 55b), 

accompanied by the increase in Rct from 22 Ω to 210 Ω (Table 4.5). This behavior clearly 

indicates the successful immobilization of T10-SH on the Au substrate. The substantial 

discrepancy between the CV and EIS data in the Au + T10-SH case can be rationalized by the 

higher sensitivity of the charge transfer in the high-frequency region, probed by EIS, to any 

hinderance imposed by deposited molecular films, such as T10-SH. Luckily, the value of 210 

Ω for the Au + T10-SH assembly is not far away from the analogous value of 162 Ω for the 

T10-SH loaded PEG film, which simplifies comparison between these systems.  

The exposure of the Au + T10-SH electrode to the matching sequence (A10) resulted in a 

significant increase in the semicircle diameter of the Nyquist plot, corresponding to an increase 

in Rct from 210 Ω to 365 Ω. This behavior emphasizes the well-known high efficiency of the 

given system in context of ssDNA hybridization. Interestingly, the hybridization-triggered 

increase in Rct for the Au + T10-SH assembly (155 Ω) is similar to that for the T10-SH loaded 

PEG film (177 Ω), which suggest similar hybridization efficiencies of both systems, with the 

value for the latter case being slightly higher. 

Apart from the hybridization efficiency, high hybridization selectivity, successfully 

demonstrated for the PEG template (see Figure 54b and the related discussion), is also of 

importance. To this end, the Au + T10-SH sample was exposed to the mismatching sequence 

(T10) and the result was monitored by CV and EIS. Whereas the CV data (Figure 55a) did not 

allow any reliable conclusions (like in the A10 case), the EIS data turned out to be useful. In 

contrast to the ssDNA-loaded PEG template, which showed no change in the Nyquist plot and 

only a tiny increase in Rct upon the exposure to T10, such an exposure resulted in visible 

changes in the analogous plot for the Au + T10-SH assembly, leading to an increase in Rct from 

210 Ω to 241 Ω. The respective changes and ~15% increase in Rct suggest that the Au + T10-

SH assembly is not entirely specific, which is most likely related to the presence of defects in 

the T10-SH monolayer, allowing a direct contact of mismatching ssDNA with the gold 

substrate. 
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4.5.7. XPS 
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Figure 4.56. P 2p (a) and N 1s (b) XPS spectra of the Au + T10-SH (2M) and Au/PEG + 

T10-SH (2M) films before and after their exposure to the target A10 sequence (2M). The N 

1s spectra (open circles) are decomposed into individual contributions related to thymine (blue) 

adenine (red) and, in the case of the PEG film, amine groups in the PEG matrix (olive). The P 

2p spectra (open circles) are fitted by a single peak (blue for T10-SH). The envelops of the 

multicomponent spectra are drawn in black; linear background is drawn by gray dashed lines. 

The intensities of the P 2p signal, normalized to the value for Au + T10-SH, are marked to the 

right of the peaks. The degrees of hybridization, derived from either P 2p or N 1s data, are 

marked to the left of the peaks (see text for details).  

 

Complementary to the above electrochemical data, Au + T10-SH and Au/PEG + T10-SH films 

before and after their exposure to A10 were characterized by XPS. The respective data are 
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shown in Figure 4.56. These data include the P 2p (Figure 4.56a) and N 1s (Figure 4.56b) 

spectra, representative of the phosphate groups in the ssDNA backbone and nucleobases, 

respectively. 

Whereas the P 2p spectra are not nucleobase-specific, the N 1s ones differ noticeably for 

thymine and adenine, allowing their recognition.163,164,167,168 The P 2p spectra of all samples 

show a merged P 2p3/2,1/2 doublet at ~133.9 eV, in good agreement with the literature data. 

91,163−166 The intensity of this doublet for the Au + T10-SH sample is by a factor of ~2 higher 

than that for Au/PEG + T10-SH, suggesting a similar relation for the packing density of the 

probe ssDNA. Assuming the literature value of 3−5  1013 molecules/cm−2 for Au/T10-

SH,163,165,183 one gets then ca. 1.5−2.5  1013 molecules/cm-2 for Au/PEG + T10-SH. Note, 

however, that in contrast to Au + T10-SH, the probe strands in the PEG matrix are not 

exclusively located at the PEG-ambient interface (2D) but are, most likely, distributed in a 

gradient-like fashion in the top part of the film (3D). It is remarkable that Au/PEG + T10-SH 

exhibits a similar electrochemical response to the matching target sequences as Au + T10-SH, 

at the twice lower density of the probe strands. 

Upon the exposure of the above templates to A10, the intensity of the P 2p doublet increases 

by 83% for Au/PEG + T10-SH and by 105% for Au + T10-SH. In view of the lack of non-

specific adsorption (see the previous section), the value for Au/PEG + T10-SH represents the 

respective degree of hybridization. In contrast, the value for Au + T10-SH, which exceeds 

100%, do not entirely reflect the degree of hybridization but contains a contribution from a 

non-specific adsorption of A10. Note that because of the specific affinity of adenine to gold,168 

non-specific adsorption of A10 in the Au + T10-SH case should be even extensive than that 

for T10 (see the previous section). 

The N 1s spectrum of Au + T10-SH exhibits the characteristic peak of thymine 163,164,167,168 at 

a BE of ~401 eV. For Au/PEG + T10-SH, this peak overlaps with that of the amine groups of 

the PEG film, at 399.7 eV. The exposure of these templates to A10, results in the appearance 

of the characteristic fingerprint of adenine, 163,164,168 viz. two peaks at BEs of ~399.7 and ~401.5 

eV with an intensity ratio of 2:1, merging with the contributions of thymine and amine groups. 

Tentative decomposition of the N 1s spectra of Au/PEG + T10-SH + A10 and Au + T10-SH + 

A10 gave the relations between the contributions of thymine and adenine of 100:88 and 

100:102, respectively, as far the different number of the nitrogen atoms in these nucleobases 

was considered. Similar to the P 2p case, the value for Au/PEG + T10-SH + A10 represents 

the degree of hybridization, with the average value, over both P 2p and N 1s data, of 85%. The 
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value for Au + T10-SH + A10, which once again exceeds 100%, contains a contribution of 

non-specific adsorption. We believe, however, that this contribution is limited, and the degree 

of hybridization for the direct ssDNA assembly is similar to that for the PEG case. 

 

4.5.8. Sensitivity of the ssDNA-loaded PEG films 
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Figure 4.57. Nyquist plots (a) and the derived Rct values (b) for the Au/PEG + T10-SH 

electrode after its exposure to matching A10 target ssDNA. The concentration of A10 was 

varied. The Rct behavior in (b) is tentatively traced by straight dashed line. 

 

Given the remarkable selectivity of the Au/PEG platform, its sensitivity to the specific 

hybridization was monitored as well. To this end, the Au/PEG + T10-SH sample was exposed 

to A10, while the concentration of A10 in the buffer solution was systematically varied from 

0.1 µM to 2 µM. The corresponding Nyquist plots are presented in Figure 4.57a, while the 

resulting Rct values as a function of A10 concentration are depicted in Figure 4.57b. As 

expected, the Rct value exhibits a gradual decrease as the A10 concentration decreases. 

However, even at such a low concentration as 0.1 µM, the Rct gain remains distinctly visible 

when compared to the reference value obtained for the Au/PEG + T10-SH probe. This outcome 

demonstrates the high sensitivity of the ssDNA-loaded PEG film to sequence-matching 

hybridization. The respective detection limit of 0.1 M is quite reasonable and comparable 

with literature data for other types of ssDNA sensors.180,181 One can reasonably assume that 

this detection limit can be improved even further, e.g. by a larger loading of the PEG film with 

the probe ssDNA. Whereas a moderate loading, comparable with that of the direct ssDNA 

assembly was selected for the most of the experiments in the present study, it can be easily 
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increased by at least a factor of 4−5 as shown in the data in section 3.1. An alternative option 

is to increase the density of the active epoxy groups by the changing the EPX:NH2 ratio even 

further in the favor of STAR−EPX. Of course, there should be a limit in the stability of a non-

equilibrium PEG network relying on the crosslinking between the epoxy and amino groups of 

the precursors, but the EPX:NH2 ratios higher than 2:1, used in the present work and tested 

before for stability,59 should be in principle possible. 

An interesting feature of the plot in Figure 4.57 is a nearly linear correlation between the Rct 

value and the target ssDNA concentration. This behavior is in contrast to some literature reports 

in which a logarithmic relationship with the concentration of target DNA was recorded.14,15 

This difference is probably related to the 3D character of our sensor in contrast to the 2D arrays 

designed in the above reports. 
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4.6. PEG-C60 composite films and free-standing nanosheets for flexible 

electronic devices and sensors 

4.6.1. Motivation 

Fullerene (C60) is a unique carbon allotrope consisting of 60 carbon atoms with sp2 

hybridization which form a spherical structure composed of 12 pentagons and 20 hexagons in 

icosahedral symmetry.184 Due to its distinguished physicochemical properties, C60 and its 

derivatives attract significant interest of scientific and industrial communities.39,40,185 Along 

with C60, C60-based composites are useful as well. As a representative example, C60-polymer 

composites can be mentioned,186,187 serving in particular as active materials for such 

applications as electrochemical sensors,188−192 and organic solar cells.193−196 One of prospective 

materials in context of C60-polymer composites is PEG. 

In this subproject, I explored a possibility to prepare PEG-C60 composite films on the basis of 

porous PEG matrix. It also gave an additional option to isolate such films as mechanically 

stable, free-standing nanosheets. The respective STAR-PEG-derived films represent, thus, a 

promising basis for the preparation of PEG-C60 composite films and nanosheets, which can be 

potentially useful for a variety of applications. For this purpose, I used three different 

preparation procedures, described in detail below. The properties of the composite films were 

monitored by SEM, AFM, XPS, UV-vis spectroscopy, and electrochemistry (voltammetry and 

impedance spectroscopy). The PEG-C60 nanosheets were assessed in context of their stability, 

elasticity, and persistence of the original properties of the parent films. 

4.6.2. Specific experiments and procedures 

Preparation of the C60 samples and PEG-C60 composite films. The preparation procedures 

for all the samples are illustrated in Figure 4.58. As a reference to the PEG-C60 composites, 

pure C60 samples were prepared by immersion of the substrates into a 2 mg/mL solution of 

C60 in toluene for 24 h at room temperature. The PEG-C60 composite films were prepared by 

three different methods, termed as immersion, one-pot, and reflux, respectively. The thickness 

of these films was in all cases in the range of 80−100 nm, as controlled by ellipsometry. 

Within the immersion method, PEG-only films were first prepared and then exposed to a 

C60/toluene solution. In brief, STAR-NH2 and STAR-EPX precursors were dissolved in 

toluene and mixed in a 1:1 fashion, resulting in a 10 mg/mL precursors solution, followed by 

a thermal crosslinking process. The resulting PEG were then immersed into a 2 mg/mL solution 
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of C60 in toluene for 24 h at room temperature. Within the one-pot method, a trinary solution 

of the precursors (10 mg/mL in toluene) and C60 (2 mg/mL in toluene) was spin-coated onto 

the substrates, and the PEG-C60 composite films were directly obtained after a thermal 

crosslinking process. Within the reflux method, the STAR-NH2 compound and C60 were 

dissolved in toluene with a concentration of 10 mg/mL and 2 mg/mL, respectively. The binary 

solution was refluxed at 90 °C for 48 h under argon flow in order to link chemically C60 

molecules to the NH2 groups of the STAR-NH2. After the reflux process, the STAR-EPX 

compound was added into the above solution with a concentration of 10 mg/mL. The final 

mixture was spin-coated onto the substrates and thermally-crosslinked to get the reflux 

composite film. All samples were rinsed with ethanol and deionized water before 

characterization. For the C60 stability test, performed as a separate experiment, the samples 

were rinsed with a large amount of toluene and the parameters before and after the rinsing were 

compared. 

 

 

Figure 4.58. Schematic illustration of the fabrication procedures for pure C60 and different 

PEG-C60 composite films. Within these procedures, the concentration of C60 was always kept 

at 2 mg/mL, the concentration of STAR-NH2 and STAR-EPX precursors was set to 10 mg/mL, 

and the solvent was toluene. 

 

4.6.3. Morphology of the PEG-C60 films 

The morphology of the PEG-C60 composite films was characterized by SEM. Representative 

images of the pure C60 sample (reference) and the composite films prepared on SiO2/Si 

substrates are presented in Figures 4.59a−d. In all cases, we observe the formation of C60 
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aggregates (clusters), typical of this molecule,197,198 with the size distribution displayed in the 

figure. For the substrate immersed into C60 solution (Figure 4.59a), the shape of the aggregates 

varies stochastically and their size varies from less than 100 nm to 1000 nm. The size 

distribution could be tentatively fitted by an exponential function, giving an average size of 

~192 nm. In contrast, in the case of the PEG-C60 composite films (Figures 4.59b−d), we 

observe a close-to-spherical shape of the aggregates, a narrow size distribution, and a 

homogeneous lateral distribution for all preparation methods. In all cases, the size distribution 

can be coarsely described by a Gaussian-like function, with an average C60 cluster size of ~260 

nm, ~226 nm, and ~310 nm for the immersion, one-pot, and reflux preparation methods, 

respectively (see also Table 4.6). The noticeably larger cluster size in the latter case is most 

likely related to the duration of the reflux procedure (48 h), favoring progressing aggregation 

of C60. 

 

 

Figure 4.59. (a−d) SEM images of deposited C60 (a) and PEG-C60 composite films prepared 

by immersion (b), one-pot (c), and reflux (d) methods. Insets on the left: corresponding size 

distributions of the C60 clusters. Insets on the right: corresponding SEM images with a higher 

magnification. (e) Representative AFM image of the PEG-C60 film prepared by the reflux 

method and (f) height profiles along the (blue) lines shown in the AFM image. 
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The formation of the C60 aggregates in the composite films is expectable in view of the well-

known ability of C60 towards supramolecular organization, with a broad variety of different 

aggregates and nanostructures reported.199−202 This process is primarily driven by the van der 

Waals and -stacking interactions between individual molecules,199 while the shape, size, and 

dimensionality of the aggregates depend on the specific conditions of a particular experiment 

and the exact structure of C60-containing molecule.199−202 In turn, the structural parameters of 

the aggregates, viz. their size, packing, and internal molecular order, jointly influence their 

optoelectronic properties.200,201,203 

Even though the PEG-C60 blending stabilizes the shape and size of C60 clusters, the character 

of the respective composites is presumably different for the different preparation methods. 

Since the clusters most likely form in solution, they cannot penetrate into the PEG matrix in 

the case of immersion and are, therefore, most likely located on the surface of the PEG film. 

Indeed, the mesh size of the crosslinked PEG matrix is ~8 nm, as defined by the arm length of 

the STAR-PEG precursors. Consequently, this mesh is hardly accessible for the comparably 

large C60 clusters, so that the predominate process is their adsorption on the surface of the PEG 

film. 

 

Table 4.6. The average C60 cluster size, portion of C60, absorbance, and absorbance maximum 

(max) for the reference C60 sample and PEG-C60 films. 

Sample Average size 

(SEM) 

Portion of C60 

(XPS) 

Absorbance 

(UV-vis) 

max 

(UV-vis) 

C60 only 192 ± 23 nm  0.021 342 nm 

PEG-C60 (immersion) 261 ± 10 nm 6.7% 0.017 314 nm 

PEG-C60 (one-pot) 226 ± 6 nm 13.2% 0.034 326 nm 

PEG-C60 (reflux) 310 ± 4 nm 29.4% 0.041 339 nm 

 

In the case of the one-pot procedure, C60 clusters became integrated with the PEG matrix, 

getting embedded into the PEG network. There is, however, no chemical bonding between 

these clusters and the network; the clusters are just caught physically in the network, similar to 

a fly caught in the spider web. The situation changes, however, in the case of the reflux 

preparation. The peripheral fullerenes of the C60 clusters are then linked chemically to one of 

the precursors (STAR-NH2; see Figure 4.58) and, consequently, to the entire matrix after the 
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PEG-C60 film formation. In contrast, individual molecules within the C60 cluster shell, most 

likely pack by local van der Waals forces. 

The SEM results were verified by AFM, with the measurements performed for the PEG-C60 

film prepared by the reflux method only. The respective data are shown in Figures 4.59e−f. A 

representative AFM image in Figure 4.59e shows C60 clusters distributed in the PEG matrix. 

The average diameter of the clusters is ~360 nm according to the water-shed algorithm analysis, 

which agrees well with the SEM value. Most interesting are the height profiles along the 

selected lines in the AFM image, shown in Figure 4.59f. Accordingly, the C60 clusters protrude 

from the surrounding PEG film, which is expectable since their average size (~310 nm 

according to SEM) exceeds the film thickness (80−100 nm), as far as one assumes a spherical 

form of these clusters. Interestingly, the height of the protrusions (60−70 nm) is somewhat 

smaller than the difference between the average size of the clusters and the film thickness (~210 

nm), even if we assume that the protrusions occur at the both faces of the composite film. This 

means that the C60 clusters are not precisely spherical but compressed to some extent in the 

direction perpendicular to the substrate surface, representing, thus, ellipsoids or, using a simpler 

term, disks. The deformation of the clusters is probably enforced by their confinement in the 

thinner film on the solid substrate. Presumably, the clusters are not exposed directly to ambient 

and the substrate but covered by a thin PEG overlayer, representing a part of the PEG matrix. 

4.6.4. Composition of the PEG-C60 films 

The composition of the samples was monitored by XPS, from which the portion of C60 in the 

composite films was also obtained. Representative C 1s spectra of the PEG film, pure C60, and 

PEG-C60 composite films, all deposited on a Si substrate, are shown in Figure 4.60a. The 

spectrum of the PEG film exhibits a single C 1s peak at a BE of ~286.8 eV, which is 

characteristic of the carbon atoms in the PEG chains.27 This spectrum verifies the formation of 

a high-quality PEG film without any contamination. The C 1s spectrum of pure C60 exhibits a 

peak at a BE of ~285.0 eV, corresponding to the carbon backbone of C60 with sp2 

hybridization.204 The BE difference between the C60 and PEG features makes it possible to 

distinguish them in the C 1s spectra of the composite films. Indeed, the contribution of C60 is 

well distinguishable in these spectra, appearing as a shoulder at the low BE side of the PEG 

peak. This shoulder is quite weak for the immersion method, which suggests a low content of 

C60 in the respective composite film. In the case of the one-pot procedure, the shoulder is more 

pronounced than in the immersion case, indicating a higher content of C60. But the highest 
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intensity of the shoulder is observed for the reflux film, corresponding to the highest content 

of C60. Taking the relative spectral weights of the PEG and C60 features, C60 contents in the 

composite films prepared by the different methods were calculated and compiled in Table 4.6. 

Note that in view of the limited sampling depths of XPS,84 which, for the given C 1s spectra, 

is about 12 nm,27 the spectra in Figure 4.60a are only representative of the topmost part of the 

PEG-C60 films. Consequently, the entire C60 content in the ímmersion  ́film, in which C60 

cluster are predominantly located on the film surface, is noticeably lower than the derived value. 

In contrast, the values for the ́ one-pot  ́and ́ reflux  ́films, featuring the proposed homogeneous 

distribution of C60 clusters in the PEG matrix, are characteristic of the entire films. 
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Figure 4.60. (a) C 1s XPS spectra of the PEG film (reference), pure C60 (reference), and PEG-

C60 composite films prepared by different methods. The vertical dashed line traces the position 

of the characteristic C60 peak. (b) N 1s XPS spectra of the STAR-NH2 precursor before and 

after its reaction with C60 under reflux for 24 h. The spectrum of the precursor before the 

reaction represents a single peak (a tentative fit is shown). The spectrum of the precursor after 

the reaction is decomposed into the contributions related to the original NH2 groups (cyan peak) 

and the NH links (red peak). The vertical dashed lines are guides to the eye. 
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XPS was also used to verify the chemical bonding between the STAR-NH2 precursors and C60 

clusters, resulting in chemical incorporation of these clusters into the PEG matrix. The N 1s 

XPS spectra of the STAR-NH2 before and after the reaction with C60 are presented in Figure 

4.60b (the samples were prepared by drop-casting on Si substrate). The N 1s spectrum of the 

STAR-NH2 exhibits a single peak at a BE of ~400.7 eV, characteristic of the NH2 groups of the 

STAR-NH2.
205 After the amination reaction with C60, the spectrum undergoes a significant 

change exhibiting a complex spectral envelope which can be decomposed into two peaks. The 

peak at a BE of ~400.8 eV represents the original NH2 groups of STAR-NH2. The new emerged 

peak at a BE of ~399.0 eV can be assigned to the NH–C60 moieties, proving the reaction 

between the NH2 groups of STAR-NH2 and C60 molecules.206 Considering the spectral weights 

of both peaks, one can conclude that about ~30% of the NH2 groups of the precursors became 

bonded to C60 and, consequently, were not available any more for the subsequent crosslinking 

reaction, resulting most likely in a certain distortion of the PEG network. 

4.6.5. Optical properties 
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Figure 4.61. UV-vis spectra of the PEG film, pure C60, and PEG-C60 composite films 

prepared by the different methods. The negative absorption in the UV region comes from the 

subtracted glass absorption background. 

 

The electronic absorption spectra monitored by UV-vis spectroscopy serve as a complementary 

measure of the C60 content in the PEG-C60 films. Additionally, the spectral features provide 

particular information about the nature of supramolecular organization of C60 in the 

hydrophilic PEG matrix. These representative UV-vis spectra of the pure PEG film, pure C60 

and the PEG-C60 composite films on glass are shown in Figure 4.61. For the pure PEG film 
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no absorption peaks are observed, providing a reference for the other samples. The pure C60 

and PEG-C60 composite films show a pronounced UV absorption around 315−345 nm and 

weak visible absorption which is known to contain several electronic transitions with low 

oscillator strengths.207 The position and intensity of the absorbance peak vary strongly from 

sample to sample (see also Table 4.6). The position of the absorption peak, corresponding to 

the absorption wavelength max, reflects the optical properties of fullerene aggregates, mainly 

influenced by their shape, size and environment.200,201,203 The absorption spectrum of pure C60 

shows a larger vis-contribution, and has its UV-absorption maximum (~342 nm) 

bathochromically shifted with respect to the other samples. This behavior is predominantly 

related to the non-symmetrical shape of the aggregates (see Figure 4.59a), differing strongly 

from centrosymmetry (Ih point group) of C60. This shape becomes more symmetrical for the 

composite films (Figures 4.59b−d), for which the absorption maxima increases progressively, 

going from the immersion (~314 nm) to one-pot (~326 nm) and further to reflux (~339 nm) 

case. This tendency does not correlate with the average size of the C60 clusters (see Table 4.6) 

but rather with the local intermolecular distances between fullerenes in those supramolecular 

aggregates, which is influenced by the hydrophilic PEG matrix and is presumably the largest 

in the immersion case (adsorption on the surface), somewhat smaller in the one-pot case (bulk 

physisorption), and the smallest in the reflux case (bulk chemisorption). 

The absorbances at λmax in the UV-vis spectra reflect the contents of C60 in the composite films. 

According to Figure 4.61 and Table 4.6, where the numerical values are compiled, the reflux 

film has the highest absorbance, followed by the one-pot film, and then by the immersion film, 

which correlates well with the XPS results (see Figure 4.60a and the respective data in Table 

4.6). Notably, the absorbance of the immersion film is even lower than that of the reference 

C60 sample adsorbed on the glass substrate. This is an additional evidence that the immersion 

method mostly involves the deposition of C60 onto the PEG film, with a lower adhesion of 

C60 to the PEG surface compared to the glass surface. 

4.6.6. Electrochemical properties 

Electrochemical properties of the composite films were investigated by CV, SWV, and EIS; the 

technical details can be found in chapter 3. Figure 4.62a shows the CV curves of a GCE 

electrode before and after its immersion into a 2 mg/mL C60 solution. Whereas no redox 

features are observed for the bare electrode (as expected),180 the CV curve of the C60 decorated 

electrode exhibits a variety of the characteristic redox peaks, with the first dominant reductive 
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peak of C60 observed at around –0.8 V (in agreement with the literature data).208,209 

Accordingly, we selected the scan range of 0 to –1 V for the complementary SWV 

measurements, which are more sensitive than CV. Representative SWV curves for the samples 

prepared on Au electrodes are displayed in Figure 4.62b. As expected, no reduction peaks are 

found for the pure PEG film. In contrast, the SWV curve of the reference, pure C60 sample 

reveals a single reductive peak at –0.8 V, in agreement with the CV result, proving the 

consistency of the different electrochemical methods. For the composite films, the peak current 

associated with the first fullerene reduction varies from sample to sample, with the reflux 

sample possessing the highest current, followed by the one-pot and immersion samples. The 

above tendency reflects the difference in the amount of C60 in the given composite films, in 

full agreement with the XPS and UV-vis data (see sections 4.5.4 and 4.5.5). It is also 

noteworthy that the position of the C60 reductive peak shifts to a more positive voltage with 

the increase of the C60 content in the composite films. The respective voltage values are listed 

in Table 4.7. 
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Figure 4.62. (a) CV curves of the bare and C60-decorated GCE working electrode in 

deoxygenated MeCN with 0.1 M TBABF4 as supporting electrolyte, at a scan rate of 100 mV/s. 

(b) SWV curves of the Au/PEG, Au-C60, and Au/PEG-C60 electrodes in deoxygenated MeCN 

with 0.1 M TBABF4 as supporting electrolyte. (c) Nyquist plots for these electrodes. The 

measurements were conducted in a 10 mM [Fe(CN)6]
3−/−electrolyte containing 0.1 M KCl. 
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Table 4.7. Position of the first reduction peak, LUMO energy, and charge ransfer resistance of 

the specific electrodes. 

Electrode Reduction peak ELUMO Rct 

Au/PEG none none 52 Ω 

Au/PEG-C60 (immersion) –0.78 V –3.99 eV 46 Ω 

Au/PEG-C60 (one-pot) –0.75 V –4.02 eV 41 Ω 

Au/PEG-C60 (reflux) –0.71 V –4.06 eV 34 Ω 

Au-C60 –0.8 V –3.97 eV 29 Ω 

Au none none 21 Ω 

 

The SWV technique can also be used to evaluate the energies of the frontier molecular orbital 

of C60 and its derivatives which are important parameters with regards to their electron-

accepting properties.200,210 Accordingly, the energy of the LUMO of C60 in the different 

composite films were obtained based on the SWV results, with the assistance of 

ferrocene/ferrocenium redox couple as reference sample. To this end, the LUMO energy, ELUMO, 

was calculated on the basis of the onset potential of the first reduction peak, 𝐸𝑟𝑒𝑑
𝑜𝑛𝑠𝑒𝑡, by the 

following equation210 

ELUMO = − (𝐸[red vs.Fc+/ Fc] 
𝑜𝑛𝑠𝑒𝑡 + 5.1) eV   

and the results are summarized in Table 4.7. The pure C60 sample has the largest LUMO energy 

of −3.97 eV. The ELUMO value of the composite films varies with the preparation method, with 

the value being successively lower at going from the immersion to one-pot and further to the 

reflux case. The ´reflux´ film features the lowest LUMO energy of −4.06 eV, which is shifted 

by ~90 meV compared with the pure C60 and by ~70 meV compared with the immersion case. 

Such a shift is related to the ratio of the number of surface states versus bulk states in a cluster, 

with a maximal possible value of 120 meV according to literature.200 In the present case, this 

ratio changes between the samples because of differences in the supramolecular organization 

of the hydrophobic fullerenes, governed by the hydrophilicity of the PEG counterpart. 

The electrochemical conductivity of the composite films, essential in context of some of their 

potential applications,190,192,211 was characterized by EIS, in the presence of [Fe(CN)6]
3−/4−. The 

respective Nyquist plots for the bare Au electrode and PEG, C60, and PEG-C60 modified 

electrodes with the corresponding impedance data are presented in Figure 4.62c and Table 4.7. 
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The diameters of the semicircles in the high frequency region of these plots correspond to the 

charge transfer resistance between the SAM and the electrolyte solution (Rct), while the linear 

part of the plots at low frequencies indicates the diffusion processes. The blank Au electrode 

has a lowest Rct value of 21 Ω. After the deposition of C60 onto the electrode, the Rct value 

shows a slight increase, reaching 29 Ω, indicating a good conductivity of C60 and the presence 

of uncovered electrode areas. The deposition of a PEG film onto the Au electrode also changes 

the Rct value, which increases to 52 Ω. Such an increase is quite moderate compared to other 

non-conducting polymers,212 which can be tentatively explained by the porous structure of the 

PEG films (see Figure 3.1) and its related swelling and permeability properties, favorable for 

the diffusion of the [Fe(CN)6]
3−/4− moieties toward the Au electrode. Note that the porosity and 

permeability of these films can be increased even further, if necessary, by the use of the 

precursors with larger molecular weights, which also slightly affects the swelling and elastic 

properties of these films, as demonstrated in chapter 4.2. But, in any case, the obtained results 

indicate that the PEG film serves as a suitable matrix for the fabrication of PEG-C60 composite 

films in context of electrochemical applications. As expected, the moderate Rct value of the 

PEG film decreases even further at the introduction of C60, being 46 Ω, 41 Ω, and 34 Ω, for 

the immersion, one-pot, and reflux PEG-C60 films, respectively (see also Table 4.7). Notably, 

the value of 34 Ω is quite close to the ultimate limit of the deposited C60 (29 Ω), showing the 

particular high potential of the ´reflux´ film for electrochemical applications. 

4.6.7. Stability of the composite films 

In order to investigate the stability of C60 in the composite films, we rinsed the samples with 

a large amount of toluene, which is a good solvent for C60, and monitored the outcome by 

SWV and SEM. Figures 4.63a−d present the SWV curves for the different samples before and 

after the toluene rinse. Note that the former curves are the same as those in Figure 4.62b, shown 

here again for comparison. In the case of deposited C60 and ´immersion´ PEG-C60 film, the 

reductive peak disappeared completely after the toluene rinse (Figures 4.63a and 4.63b), which 

is a good evidence that the immersed C60 can be efficiently washed off both from the Au 

surface (pure C60) and the surface of the PEG film (immersion). This behavior is reasonable 

considering that the C60 clusters are most likely physically adsorbed on the Au and PEG 

surface in the case of immersion, being prone to the effect of solvent. The removal of C60 was 

further proved by the SEM. The SEM images of the PEG-C60 film (immersion) before and 

after toluene rinse are shown in Figures 4.63e and 4.63f, respectively. The well-visible C60 

clusters indeed disappear completely after the film rinsing with toluene. In contrast, the SWV 
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reductive peak for the one-pot sample does survive the toluene rinse, even though the respective 

current decreases to some extent (Figure 4.63c). This behavior means that a part of the C60 

fraction was removed from the PEG-C60 film, most likely the clusters with small size and 

those “loosely” incorporated in the PEG matrix. The remained clusters are those that are 

incorporated better into this matrix. 

 

 

Figure 4.63. (a−d) SWV curves for the Au/C60 electrode and Au/PEG-C60 electrodes prepared 

by the different methods before (solid lines) and after (dashed lines) extensive rinse with 

toluene. The measurements were conducted in deoxygenated MeCN containing 0.1 M TBABF4 

as supporting electrolyte. (e-h) SEM images of the electrodes, including those of Au/PEG-C60 

(immersion) electrode before (e) and after (f) extensive rinse with toluene as well as those of 

the Au/PEG-C60 (reflux) electrode before (g) and after (h) rinse with toluene. 

 

In contrast to the one-pot case, the SWV curves of the reflux sample before and after the toluene 

rinse are nearly identical, indicating a high stability of the fullerenes in the given composite 

film. The corresponding SEM images shown in Figures 4.63g (before the rinse) and 4.63h (after 

the rinse) provide more insights. As can be seen in these images, the C60 clusters on the surface 

of the PEG film (bright spots in the SEM image) were rinsed away, resulting in a new 
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morphology with a pattern of voids (or vesicles) inside the PEG film. It looks, however 

(according to the electrochemistry data), that only a small part of all clusters was affected by 

the rinsing, hardly changing the overall electrochemical performance of the entire composite 

film (Figure 4.63d). 

4.6.8. Free-standing and transferred nanosheets 

One of the favorable properties of PEG films formed from the STAR-PEG precursors is the 

possibility of their separation from the original substrate, followed by either relocation onto a 

secondary substrate or placement over a window or a supporting mesh as a free-standing 

nanosheet.28,213 It turned out that this option is also available for the PEG-C60 composite films. 

To this end, we successfully separated the PEG (reference) and PEG-C60 nanosheets from the 

primary SiO2/Si substrates and placed them onto the secondary substrate with a circular 

window for the bulge test. The applied pressure and the corresponding deflection of the 

nanosheet are recorded during the measurements, reflecting the elastic properties and 

mechanical stability of the nanosheet. 

 

 

Figure 4.64. (a−d) Optical images of the deflected PEG and PEG-C60 nanosheets close to their 

breaking points, marked in the panels. The nanosheets were suspended over a circular window 

with a diameter of 0.5 mm. (e) Deflection vs. pressure plots for these nanosheets. 
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Representative microscopy images of the deflected nanosheets close to their breaking points 

are shown in Figures 4.64a−d and the respective deflection vs. pressure plots for these 

nanosheets are presented in Figure 4.64e. Compared with the PEG-only nanosheet, the PEG-

C60 nanosheets reveal worse elastic properties and mechanical stability, deteriorating to some 

extent progressively as the content and involvement of C60 increase. This is reflected by both 

the differences in the breaking pressure and by different deflections at a specific pressure, 

reflected quantitatively by the Young’s moduli of the nanosheets. For instance, deflections of 

the PEG and reflux nanosheets at a pressure of 2 kPa are 155 μm and 90 μm, respectively, and 

the respective breaking points are 3.7 kPa and 2.1 kPa. Nevertheless, the reflux nanosheet is 

still highly elastic and stretchable, which is also characteristic of the immersion and one-pot 

nanosheets and, consequently, for the respective parent films as well. The Young’s moduli of 

the nanosheets were calculated by fitting the experimental data to the theoretical equation 

describing the relation between the pressure difference and the deflection of a nanosheet 

suspended over a circular window; the details of the procedure can be found in Chapter 4.3. 

The resulting Young’s moduli for the ´immersion´, ´one-pot´, and ´reflux´ nanosheets were 

estimated as 2.9 MPa, 4.7 MPa, and 11.5 MPa, as calculated by eq 2.7. which all are higher 

than that for the reference PEG nanosheet (2.1 MPa) but still exceptionally small compared to 

other inorganic and organic nanosheets with similar thicknesses. 
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Figure 4.65. (a) SWV curves of the reflux PEG-C60 film on the primary Au electrode and the 

same film transferred as a free-standing nanosheet onto the Au electrode (secondary substrate) 

from the primary SiO2/Si substrate. (b) Nyquist plots for these samples. 

 

Finally, electrochemical measurements on the transferred PEG-C60 (reflux) nanosheets were 

conducted to investigate their electrochemical properties. For this purpose, a reflux film 

prepared on the primary SiO2/Si substrate was separated from this substrate and transferred as 
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a free-standing nanosheet onto a Au electrode (secondary substrate), which was then subjected 

to SWV and EIS measurements. The SWV curve and the Nyquist plot of the transferred 

nanosheet are shown in Figure 4.65a,b respectively, along with the reference data for the 

analogous film prepared on the primary Au electrode. According to the SWV curves, the 

transferred nanosheet reproduces the electrochemical behavior of the film on the primary 

electrode completely. Only a slight negative shift and a small (if at all) intensity diminishment 

are found for the reductive peak of the transferred nanosheet. The Nyquist plots of the spin-

coated film and the transferred nanosheet have slightly different diameters in the high-

frequency region, corresponding to the Rct values of 34 and 38 Ω, respectively, and different 

diffusion contributions in the low-frequency regime. The increase in Rct after the transfer is 

quite small and most likely related to the coupling of the nanosheet to the substrate and fine 

details of the respective interface (contamination, etc.). Generally, one can conclude that the 

electrochemical properties of the PEG-C60 nanosheets correspond to those of the original films 

and are only minorly deteriorated at their transfer to the secondary substrate.  
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4.7. Electron-induced modification of Triptycene SAM in context of 

lithography and nanofabrication 

4.7.1. Motivation 

As discussed in the introduction part, CNMs, as another important type of ultra-thin nanosheets, 

have gained significant research interest.45,46,48,50 Our group and our partners recently reported 

the fabrication of a well-ordered and densely packed tripodal SAM on the basis of 

triptycene.61,214−216 The respective scaffold consists of three phenyl rings, which are disposed 

at a dihedral angle of 120° with respect to each other and connected by the aliphatic bridge. 

This scaffold can be flexibly decorated by different numbers of the anchoring and tail groups, 

with the most basic structure represented by 1,8,13-trimercaptomethyl-triptycene (Trip-T1, 

Figure 4.66).61 These unique (for a tripodal monolayer) properties make the Trip-T1 SAM a 

potentially promising system for nanofabrication. 

 

 

Figure 4.66. Structures of the precursors for the SAM studied, along with their abbreviations 

(related to the assembled state) and schematics of monomolecular assembly on Au(111).  

 

To this end, within this particular subproject in the framework of my PhD thesis, I intended to 

explore the potential of using Trip-T1 SAM on Au(111) in the context of lithography and CNM 

fabrication. The respective study included also complementary spectroscopic experiments 

aiming to understand the effects of electron irradiation on the Trip-T1 SAM. These findings 

revealed that this monolayer behaves similar to conventional, monopodal aromatic SAMs, with 

crosslinking dominating over electron irradiation, which is then most likely characteristic of a 

variety of other aromatic multipodal SAMs, extending, thus, significantly, the “pool” of 



116 

 

potential precursors for the CNM fabrication. Additionally, we demonstrated that the Trip-T1 

SAM can be utilized as a negative resist in EBL and for CNM fabrication, showing a similar 

performance as the reference monopodal system (PT1; see Figure 4.66), corresponding to a 

single “blade” of Trip-T1. Note that this system is of interest in its own, since it represents the 

shortest aromatic SAM suitable for EBL and CNM fabrication. The closest analogue of this 

system, phenylthiolate (PT) SAM on Au(111), showed a poor performance in context of 

nanofabrication, which was explained by its limited ability to form an extensive, 2D 

crosslinked network. 

4.7.2. Specific experiments and procedures 

Homogenous electron irradiation. The homogenous (over a large, macroscopic area) electron 

irradiation of the samples was conducted with an FG20 flood gun. See section 4.3.2 for 

technical details. 

Spectroscopy experiments. The NEXAFS spectroscopy experiments were conducted for the 

pristine and irradiated Trip-T1 SAMs only, which were performed at the bending-magnet HE-

SGM beamline of the synchrotron storage ring BESSY II in Berlin, using a custom-designed 

endstation.90 The spectra were measured at the carbon K-edge in the partial electron yield mode 

with a retarding voltage of −150 V. The primary X-ray beam was linearly polarized with a 

polarization degree of ∼90%. The molecular orientation was determined by varying the 

incidence angle of the beam from normal (90°) to grazing (20°) incidence geometry.220 The 

former and latter geometries refer to the electric field vector (E) of the primary X-rays, being 

respectively parallel and nearly perpendicular to the sample surface. The photon energy (PE) 

scale was referenced to the most pronounced π* resonance of highly oriented pyrolytic graphite 

at 285.38 eV.221 

EBL experiments. Test lithographic patterns consisting of 6 pair of squares (3 × 3 μm) 

corresponding to the progressively increasing doses (5, 10, 20, 40, 80, and 100 mC/cm2) were 

written with a LEO 1530 scanning electron microscope (Zeiss) equipped with a Raith 

Lithography System. The primary electron beam energy was set as 5 keV and the irradiation 

dose was calibrated by a Faraday cup. The patterning was conducted at a base pressure of ~8 

× 10−6 mbar. To transfer the fabricated patterns to the gold underlayer, the samples were 

immersed into an etching solution consisting of 1 KOH, 0.1 M K2S2O3, 10 Mm K3[Fe(CN)6], 

and 1 mM K4[Fe(CN)6] for 30 min at room temperature. Afterwards, the samples were rinsed 

with H2O and dried with argon. 
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CNM fabrication. The preparation of the CNMs followed the literature procedures.51 As the 

first step, the SAMs were homogeneously irradiated by electrons (50 eV) with a dose of either 

40 or 80 mC/cm2. Subsequently, the crosslinked SAM (CL-SAM) were spin-coated with two 

layers of PMMA at 4000 rpm, including a low molecular weight PMMA layer (50 K, dissolved 

in ethyl acetate) and a high molecular weight PMMA layer (950 K, dissolved in chlorobenzene). 

The PMMA/CL-SAM/gold/silicon samples were then slowly immersed into water under a 

grazing angle to separate the PMMA/CL-CAM/gold sandwiches from the underlying Si wafers. 

Further, these sandwiches were transferred from the water surface to a Lugol’s solution 

(aqueous KI/I2, 2%), in which the gold layers were dissolved within 20 min. The resulting 

PMMA/CL-SAM bilayers were then transferred to a KI solution (1:10) for 2 min and then to 

H2O for subsequent cleaning. Afterwards, the bilayers were transferred onto supporting metal 

grids (1500 mesh, Plano) and baked on hot plate at 50 °C for 2 min. Then, the PMMA/CL-

SAM/metal grid samples were mounted on a custom-designed sample holder and introduced 

into the chamber of a critical point dryer (Automated Critical Point Dryer, Leica EM CPD300), 

filled with acetone. After immersion in acetone for ~1 hour to remove the PMMA layer, a 

critical point drying program was performed. 

4.7.3. XPS 

The effect of electron irradiation was monitored by XPS. Representative XPS spectra of the 

pristine and irradiated Trip-T1 SAMs are shown in Figure 4.67. The irradiation was performed 

homogeneously over the entire sample area; the electron energy was set to 50 eV; the dose was 

varied from 3 to 40 mC/cm2. 

The Au 4f spectrum of the pristine SAM in Figure 4.67a exhibits the characteristic Au 4f7/2,5/2 

doublet from the gold substrate. The intensity of this doublet does not change noticeably upon 

irradiation. For better visualization, this parameter as a function of dose is presented in Figure 

4.68a. It is indeed nearly constant over the entire dose range, within the error of the experiments. 

This suggests that the material loss resulting from the irradiation is very small (if any at all), 

which is also supported by the behavior of the effective thickness calculated using the standard 

procedure, 84,88,89 on the basis of the attenuation of the Au 4f signal by the SAM overlayer and 

using a sample with a known thickness (C16/Au) as a reference (see section 3.2.3 for details), 

to determine the spectrometer-specific constant for the giving photoemission signal. The 

effective thickness of the pristine Trip-T1 SAM was estimated as 10.2 Å, in good agreement 

with the previous report.61 Interestingly, it did not decrease after the irradiation but even slightly 

increased instead, viz. to 10.6 Å at 40 mC/cm2. Such an increase stems presumably from the 
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adsorption of airborn molecules onto the chemically reactive surface of the irradiated SAMs, 

which is a well-known phenomenon.223 Alternatively, deposition of the residual gas molecules 

during the irradiation was possible as well,224,225 even though its extent was most likely very 

small (if any at all) at the given pressure in the chamber. 
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Figure 4.67. Au 4f (a), C 1s (b), and S 2p (c) XPS spectra of the pristine and irradiated Trip-

T1 SAMs. The doses are given at the respective spectra. The C 1s spectra are tentatively 

decomposed into two peaks, associated with aromatic (gray) and aliphatic (light gray) carbon; 

The S 2p spectra are decomposed into the doublets corresponding to the pristine thiolate species 

(red), irradiation-induced sulfur species (blue), and atomically bound sulfur (olive). The 

background is shown by dashed grey lines. 

 

The C 1s spectrum of the pristine Trip-T1 SAM in Figure 4.67b shows a single, slightly 

asymmetric peak at a BE of 284.0 eV. No contributions related to oxidative species or 

contamination are observed. The form and intensity of this peak hardly changes upon the 

irradiation, except a slight increase in the spectral weight at its high BE sign, well visible in 

particular at 40 mC/cm2 and traced by the tentative spectra decomposition in two individual 

contributions. Considering that the high BE contribution is predominantly characteristic of 

aliphatic carbon (in contrast to the low BE contribution, characteristic of aromatic carbon),25 
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the observed behavior suggests an increase in the portion of single bonds in the irradiated 

SAMs. The total intensity of the C 1s signal and the intensities of the individual contributions 

are additionally presented in Figure 4.68b as functions of the irradiation dose. Whereas the total 

C 1s intensity shows no noticeable change, similar to the Au 4f signal, the intensities of the 

individual contributions exhibit a certain evolution, corresponding to a progressive decrease in 

the portion of double bonds and an increase in the portion of single bonds in the course of 

irradiation. 

 

 

Figure 4.68. Dependence of the intensities of the characteristic XPS peaks and doublets in the 

spectra of the Trip-T1 SAM (Figure 4.67) on irradiation dose: (a) Au 4f signal; (b) total, 

aromatic, and aliphatic C 1s signal; (c) total, thiolate, “disulfide”, and atomic sulfur S 2p signals. 

The legends are given in the panels. The dependences are tentatively traced by the color-coded 

dashed lines; for the thiolate and “disulfide” curves in panel (c) these are exponential functions. 
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The SAM-substrate interface was also affected by electron irradiation, as evidenced by the S 

2p XPS spectra of the Trip-T1 SAMs shown in Figure 4.67c. For the pristine monolayer, only 

a single S 2p3/2,1/2 doublet at a BE of ∼162.0 eV (S 2p3/2) is observed, indicative of the thiolate 

species bound to gold substrate.226,227 No contributions associated with unbound sulfur, 

atomically adsorbed sulfur, disulfide, or oxidized sulfur species are observed, suggesting, in 

accordance with the previous report,61 that all molecules in the Trip-T1 SAM are anchored to 

the substrate in the tripodal fashion. A packing density of 3.9 × 1014 thiolate/cm2 was calculated 

using the standard procedure,222 on the basis of the S 2p / Au 4f intensity ratio and a sample 

with a known packing density (C16/Au) as the reference. This value is somewhat lower than 

that which was reported before (4.6 × 1014 thiolate/cm2)61 but is still in the reasonable range, 

corresponding to a dense molecular packing. The difference between the current and reported 

packing density values is most likely related to the limited accuracy of the applied experimental 

techniques and evaluation procedures and lies within the precision of such estimations. At the 

same time, a certain variation in the quality and exact parameters of the Trip-T1 SAMs cannot 

be excluded. 

The character of the spectra changes noticeably in the course of the irradiation treatment, which 

is well visible in Figure 4.67c and additionally traced in Figure 4.68c where the intensities of 

the relevant signals are shown. The intensity of the thiolate-related doublet decreases 

progressively with irradiation dose, accompanied by the appearance and progressive intensity 

increase of two new doublets at ∼163.3 eV (S 2p3/2) and 161.1 eV (S 2p3/2). The first of these 

features is characteristic of thiol, weakly bound S, and disulfide species227 appearing after the 

cleavage of the original thiolate-substrate bonds, which occurs typically in aromatic thiolate 

SAMs, with the extent depending on the molecular packing.53,228 The second doublet is 

generally related to atomically adsorbed sulfur222,229 appearing most likely after the cleavage 

of the C−S bonds, which does not happen typically at the electron irradiation of monopodal 

aromatic thiolate SAMs53,228 but is rather characteristic of their modification at elevated 

temperatures.222,229,230 Significantly, the total S 2p intensity decreases only slightly during 

irradiation, indicating a small extent of irradiation-induced material loss in the Trip-T1 SAM, 

which is consistent with the Au 4f and C 1s XPS data. The behavior of the thiolate and 

“disulfide” signal can be described by exponential function, as typical of most of irradiation-

induced processes.52 Only about 30% of the original thiolate bonds survive the extensive 

irradiation (40 mC/cm2), which means that the coupling of the SAM to the substrate is 
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weakened. Otherwise, in view of the tripodal character of the monolayer, this means that, at 

the average, each SAM-forming molecule, is still anchored to the substrate by at least one 

thiolate bond. In contrast to the “disulfide” species, atomically bound S ones appear not 

immediately upon the irradiation but are recorded first at a certain dose, evolving then with a 

similar rate as the “disulfide” moieties. 

4.7.4. NEXAFS Spectroscopy 
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Figure 4.69. C K-edge NEXAFS data for the pristine and irradiated Trip-T1 SAMs: (a) the 

spectra acquired at an X-ray incidence angle of 55° and (b) the difference between the spectra 

acquired at X-ray incidence angles of 90° and 20°. The characteristic absorption resonances 

are marked by numbers, as detailed in the text. The doses are given at the respective spectra. 

Normalized intensities of the π1* resonance and respective difference peak are marked at these 

features. The horizontal dashed lines in the difference spectra correspond to zero. Both panels 

have the same vertical scale, so that the intensities of the absorption resonances and respective 

difference peaks can be directly compared. The measurements were performed by Prof. M. 

Zharnikov. 
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Insight into the structural quality and molecular orientation of the Trip-T1 SAM before and 

after electron irradiation was obtained through the NEXAFS spectroscopy experiments. The 

representative data in Figure 4.69 include the spectra acquired at the magic angle of X-ray 

incidence (55°; Figure 4.69a) and the differences between the spectra obtained under normal 

(90°) and grazing (20°) incidence (Figure 4.69b). The former spectra exclusively display the 

electronic structure of the SAMs (unoccupied molecular orbitals) and are independent of the 

molecular orientation.220,231 In contrast, the difference curves represent a useful fingerprint of 

the orientational order and molecular orientation.220,231 

The 55° spectrum of the pristine Trip-T1 SAM in Figure 4.69a is dominated by the 

characteristic61 π1* resonance of the phenyl rings comprising the triptycene framework, located 

at a photon energy of ∼285.25 eV (1). This feature is accompanied by several strongly 

overlapping π* (2) and σ* (3 and 4) resonances at the higher excitation energies. The spectra 

of the pristine Trip-T1 SAM exhibit strong linear dichroism (i.e., dependence of the resonance 

intensity on the X-ray incidence angle), as emphasized by the respective difference curve in 

Figure 4.69b. This curve shows the strong positive peak at the position of the π1* resonance, 

which, in view of the orientation of the respective orbital (perpendicular to the phenyl blades), 

suggests a nearly upright orientation of the individual molecules in the SAM, in good 

agreement with the tripodal adsorption mode and the literature data.61 

Both the 55° spectra and the difference curves change significantly at the irradiation, with the 

changes reflecting relative changes of the composition since the spectra are always normalized 

to the entire number of the carbon atoms. The major effects of the irradiation are (i) noticeable 

decrease in the intensity of the π1* resonance (1), (ii) its slight broadening with irradiation dose 

(by ~10% at 40 mC/cm2), (iii) its slight shift to the lower excitation energy (~285.1 eV at 40 

mC/cm2), (iv) changes in the fine structure of the 55° spectra, and (v) drastic decrease of the 

linear dichroism, best emphasized by the behavior of the π1* peak (1) in the difference spectra.. 

The former three processes emphasize extensive transformation of the initial molecular 

assembly, involving a partial “damage” of the pristine triptycene frameworks and appearance 

of crosslinking bonds between the individual molecules. These new bonds have most likely a 

single-bond character, as follows from the intensity decrease of the π1* resonance, which is 

generally not only representative of the intact phenyl rings but also of C=C bonds, even though 

with a slightly lower PE (285.0−285.05 eV).220 The drastic decrease of the linear dichroism 

suggests a progressive and extensive loss of the orientational order in the SAMs, occurring 

parallel to their chemical modification and the changes in their coupling to the substrate. 
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4.7.5. EBL Studies 

As follows from the above spectroscopic data, irradiation-induced crosslinking of the Trip-T1 

SAM is accompanied by significant damage of the SAM-substrate interface, resulting in 

diminishing of the coupling to the substrate. Apart from the hybrid, aromatic-aliphatic structure 

of Trip-T1, this behavior raises a question of whether this SAM is capable of functioning as a 

negative resistor for electron lithography, similar to conventional, monopodal aromatic 

monolayers.53,55,219 To this end, EBL experiments for Trip-T1 and PT1 SAMs were conducted, 

with the latter film serving as a reference monopodal system due to its similarity to an 

individual “blade” of Trip-T1. Representative patterns, written by EBL, transferred to the 

underlying gold film by the chemical etching, and visualized by AFM are shown in Figures 

4.70 and 4.71 for the Trip-T1 and PT1 SAMs, respectively. Both patterns look very similar, 

exhibiting a good lithographic contrast with the well-defined, square-shaped gold features. 

These features mimic the areas irradiated by electrons, which means that both Trip-T1 and PT1 

SAMs represent negative resists in context of electron lithography – the finding that is 

particular important for the tripodal Trip-T1 system. Note that the basic concept of utilizing 

aromatic SAMs as negative resists for EBL is based on the ability of crosslinked SAMs within 

the irradiated areas to safeguard the underlying substrate from etching, while the unirradiated 

areas covered by pristine SAM, consisting of individual molecules, can be etched away much 

more easily. 
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Figure 4.70. (a) 2D and (b) 3D view of the AFM images of Au/Si(100) patterns created using 

EBL (5 keV) with the Trip-T1 SAM resist, along with the respective height profile across the 

written, square-shaped Au features (c). The doses corresponding to the individual features were 

varied (from left to the right); they are marked at the top of the images. 

 

The height and profile of the square-shaped features in the lithographic patterns in Figures 4.70 

and 4.71 serve as indicators of the resist ability of the SAMs, which is proportional to the extent 

and “quality” of the crosslinking. For most of the irradiation doses, this height (~80 nm) is 

close to the thickness of the original gold film (~100 nm) which underlines a good performance 

of both SAM resists. Apart from the features for the lowest dose (5 mC/cm2), which have a 

smaller height and less defined profile for the both SAMs, both patterns show a slight variation 

in the height and exact profile, which, on the one hand, can be an effect of the dose and, on the 

other hand, reflect a slight inhomogeneity of the etching. The lowest dose is obviously 

insufficient for complete crosslinking while the highest dose (100 mC/cm2), corresponding to 

the somewhat lower features, induces probably too much damage, diminishing the efficiency 

of the resists. As to the range of the intermediate doses, the PT1-based pattern (Figure 4.71) 

looks slightly more homogeneous and square-shaped than the Trip-T1-stemming one (Figure 

4.70), even though both patterns are quite similar, as mentioned above. This difference is 

probably related to the higher carbon atom density in the PT1 SAM compared to the Trip-T1 
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monolayer, which likely promotes better crosslinking in the case if the same dose is applied 

(see discussion in the next section). 

 

 

Figure 4.71. (a) 2D and (b) 3D view of the AFM images of Au/Si(100) patterns created using 

EBL (5 keV) with the PT1 SAM resist, along with the respective height profile across the 

written, square-shaped Au features (c). The doses corresponding to the individual features were 

varied (from left to the right); they are marked at the top of the images. 

 

4.7.6. CNM Fabrication 

The ability of Trip-T1 and PT1 SAMs to serve as precursors for CNMs was tested. The primary 

step of the preparation procedure was the irradiation of the pristine SAMs with a sufficiently 

high dose for extensive crosslinking. Afterwards, the films were separated from the substrate 

and transferred as CNMs onto the supporting metal mesh. SEM images of the resulting CNMs 

are presented in Figure 4.72. On the basis of the previous experience and the literature data,219 

a dose of 40 mC/cm2, generally sufficient for a variety of aromatic SAMs, was initially applied. 

As displayed in Figures 4.72a and 4.72d, CNMs could be formed from both Trip-T1 and PT1 
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SAMs, even though with the different quality. Whereas the PT1-stemming CNM is nearly 

defect-free, that in the Trip-T1 case features numerous defects, such as holes, raptures, and 

folds. This means that the degree of crosslinking, associated with the dose of 40 mC/cm2, is 

not entirely sufficient in the latter case, so that the respective Trip-T1-stemming film was 

obviously not robust enough to survive all the fabrication steps, necessary for its separation 

from the substrate and transfer onto the supporting grid. Considering this situation, a higher 

dose of 80 mC/cm2 was then applied, resulting in the nearly defect-free CNMs for both Trip-

T1 and PT-1 case, as shown in Figures 4.72b and 4.72c (larger area) for Trip-T1 and Figures 

4.72e and 4.72f (larger area) for PT-1. Obviously, the corresponding extent of crosslinking is 

better suitable for the Trip-T1 SAM, whereas the PT1-stemming CNMs show the similar 

quality as in the 80 mC/cm2 case. Note, also, that a dose of 80 mC/cm2 should not be considered 

as an extremely high since, e.g., it is well comparable with a dose of 60 mC/cm2 (50 and 100 

eV electrons) reported for a variety of CNMs prepared from different precursors.51 

 

 

Figure 4.72. SEM images of the CNMs fabricated from the Trip-T1 (a−b) and PT1 (d−e) SAMs 

at two different doses, viz. 40 mC/cm2 (a, d) and 80 mC/cm2 (b, e). The images corresponding 

to a dose of 80 mC/cm2 are additionally presented for a larger area, at a lower magnification (c, 

f). The length of the edge of the square openings of the supporting mesh is 10 μm. 
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4.7.7. Discussion 

 

 

Figure 4.73. Schematic illustration of the irradiation-induced modification of the Trip-T1 SAM 

(a high dose). 

 

Based on the entire bulk of the spectroscopy data, I propose a possible scheme illustrating the 

effect of electron irradiation on the Trip-T1 SAM, which is shown in Figure 4.73. Similar to 

the monopodal aromatic and aromatic-aliphatic monolayers, the crosslinking of the Trip-T1 

SAM prevails over the film decomposition, apart from extensive chemical modification of the 

irradiated film. The intramolecular crosslinking is driven by the breakage of the original bonds 

within the triptycene frameworks, with the cleavage of less stable, peripherical C−H bonds 

playing probably the leading role. The interesting features of the Trip-T1 SAM are extensive 

modification of the SAM-substrate interface and the strong disordering at high irradiation doses. 

Note that, according to the literature data for monopodal monolayers,228 the extent of these 

processes, occurring in correlated fashion,228,232 depends strongly on the packing density and 

exact molecular arrangement in the film, being lower for the densely packed and highly 

oriented films and noticeably higher for the films featuring loose molecular packing and large 

molecular inclination. The latter features are not characteristic of the Trip-T1 SAM but, 

obviously, the specific character of the SAM-constituents and specific molecular arrangement61 

make this film particular prone to the cleavage of the original thiolate bonds and structural 
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disordering. Among other parameters, a pronounced feature of the triptycene molecule is the 

presence of the two bridging C atoms connecting the aromatic rings. The bridging C−C bonds 

are aliphatic in character and, consequently, similar to aliphatic SAMs, should be particular 

prone to cleavage. Breakage of these bridging bonds (also in combination with the cleavage of 

C−S bonds; see below) would open up new conformational degrees of freedom for the aromatic 

rings with the possibility to rotate out of their original plane. This, in turn, should allow for a 

more efficient crosslinking. As for the S−C bonds, they become cleaved at the SAM-substrate 

interface, in addition to the rapture of the thiolate-gold bonds. This process, manifested by the 

appearance of the characteristic fingerprint of atomically adsorbed S, viz. a doublet at 161.1 

eV.222,229 is untypical for monopodal aromatic and aromatic-aliphatic monolayers but seems to 

be significant for the Trip-T1 SAM and, probably, for other tripodal monolayers as well. Note 

that this doublet is frequently observed in such monolayers in the pristine state (see, e.g., refs 

217,218), and seems to gain even more weight upon electron irradiation. 

The efficient crosslinking occurring in the Trip-T1 SAM upon electron irradiation ensures their 

ability to serve as a negative resist for EBL, which was verified by the dedicated experiments. 

Well-defined lithographic patterns, transferred to the underlaying gold substrate by chemical 

etching, could be formed over a broad range of irradiation doses (Figure 4.70). The quality of 

these patterns was comparable with that obtained with the reference monopodal resist − the 

PT1 monolayer, the constituents of which mimic individual “blades” of Trip-T1. According to 

the fabricated patterns, even a dose of 10 mC/cm2 at an electron energy of 5 keV is sufficient 

for high lithographic contrast. Considering that the efficiency of 5 keV electrons in the context 

of the crosslinking is even somewhat lower than that of the 50 eV electrons, used in the 

spectroscopic experiments,219 this behavior means that even a moderate crosslinking of the 

Trip-T1 SAM is sufficient for high lithographic contrast.  

The situation is, however, distinctly different as soon as it comes to the CNM fabrication. 

Whereas CNMs could be successfully fabricated on the basis of the Trip-T1 SAM (Figure 4.72), 

it required quite a high dose (80 mC/cm2) to get them sufficiently robust to survive the 

separation from the substrate, getting rid of the underlying Au and protective PMMA layers, 

and transfer to the supporting mesh as defect-free, free-standing films. In contrast, in the case 

of the reference PT1 SAM, a nearly defect-free CNM could already be obtained at a dose of 40 

mC/cm2, even though the quality of the analogous CNM obtained at a dose of 80 mC/cm2 was 

somewhat higher (Figure 4.72). 
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An interesting aspect of the use of the Trip-T1 and PT1 SAM as resists for EBL and precursors 

for CNMs is their areal density, which was estimated at ~29.1 and ~32.2 C atoms/nm2, 

respectively, on the basis of the molecular structure and the XPS data. These values are 

noticeably smaller than that for the biphenylthiolate SAM on Au(111) (55.6 C atoms/nm2), 

representing the most frequently used platform in the given context,44,45,53 and even smaller 

than that for graphene (38.2 C atoms/nm2), serving as an ultimate reference for ultrathin 

carbonous films. Nevertheless, both Trip-T1 and PT1 SAMs could be successfully used in the 

EBL and CNM context. Significantly, the phenylthiolate (PT) monolayer, differing from PT1 

by the methylene linker only (a single C atom), exhibited a poor performance for EBL and did 

not result in robust CNMs,219 which could first be obtained from napthalenethiolate SAM (46.3 

C atoms/nm2).51,219 Consequently, PT1 represents the smallest SAM-forming compound used 

so far for the CNM fabrication. The reason for the superior performance of PT1 compared to 

PT is not just the presence of one more carbon atom but the significant impact of the methylene 

linker on the SAM quality. Whereas the PT monolayer is poorly defined,233,234 the introduction 

of the methylene linker improves the quality of the SAM considerably,25,44 relying on the 

optimal adjustment of the adsorption geometry to the bending potential at the Au−S−C joint 

(odd-even effects in monomolecular assembly).235−238 The design of Trip-T1 takes advantage 

of the same concept, which, along with the structure of the triptycene framework, ensures the 

tripodal adsorption mode and superior structural quality of the respective SAM. 
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5. Conclusions and Outlook 

In conclusion, within my PhD project, I studied the properties of the PEG films and nanosheets, 

formed by crosslinking of the epoxide- and amino-terminated four-arm STAR-PEG precursors, 

while also delving into respective applications of these systems. In addition to the freestanding 

nanosheets on the PEG basis, I also demonstrated the potential of using multipodal aromatic 

SAMs in the context of EBL and CNM fabrication, with the latter being another representative 

example of freestanding nanosheets. The details are as follows: 

In the first subproject, I studied the modification of the PEG films by UV light (254nm). The 

thickness of the pristine PEG films was varied from ~32 to ~124 nm; the flux was mostly kept 

at 2 mW/cm2, and the dose was varied up to 85 J/cm2. The exposure of the films to UV light 

leads to progressive decomposition of the PEG material with desorption of the vast majority of 

the released fragments directly during the irradiation. This process, however, does not affect 

the chemical composition of the residual film, which preserves all the properties of the original 

PEG material, including the hydrogel behavior and bioinertness, as was specifically 

demonstrated by the dedicated experiments. This behavior was in the striking contrast to the 

effect of electron irradiation on the PEG films and the effect of UV irradiation on OEG-

substituted SAMs, for which the removal of the PEG/OEG material was accompanied by 

substantial chemical modification of the residual part, losing its bioinert properties. 

Further, I studied the effect of MW on the properties of the PEG films. It was demonstrated 

that these films can be prepared from the precursors with different MWs, varying from 2000 

to 20000 g/mol. The separation of these films as free-standing nanosheets was also possible. 

The thickness of the films and nanosheets could be varied in the range from 10 to 330 nm by 

setting the concentration of the precursors in the primary solution, with a noticeable 

dependence on the MW at the sufficiently high concentrations. The films and nanosheets 

prepared from the different precursors exhibited pronounced bioinert, hydrogel and elastic 

properties, with the exact parameters depending on the MW of the precursors. The most 

important differences were the efficient mesh size of the crosslinked network, probed by the 

protein absorption experiments on the comparably thin films, and the elastic properties studied 

by the bulge test on the nanosheets. The efficient mesh size expectedly increased with the MW, 

most likely not that much as the MW itself but still sufficient to improve noticeably the 

permeability of the PEG films for biomolecules. The PEG nanosheets have very small Young’s 

module (E) values, ranging from of 2.1 to 5.2 MPa for 100 nm thickness. Interestingly, the E 
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value does not decrease with the MW, as can be assumed from general considerations of the 

PEG network architecture, but progressively increases, which was tentatively explained by the 

enhanced alignment of the PEG chains in the network at the high MWs. 

Considering the exceptional elastic properties of the PEG nanosheets, I studied them in depth, 

taking the nanosheets prepared from the precursors with a moderate MW (2k) as a 

representative example. A variety of parameters was varied and the effect of electron and UV-

light treatment on the elastic properties of PEG nanosheets was studied as well. As the main 

experimental technique, bulge test was used. It was demonstrated that the major parameter of 

the bulge test approach – size of the window – does not influence the results, which was in 

particular useful to monitor the dependence of the Young’s modulus on the nanosheet thickness. 

The E value was found to increase from 2.08 MPa to 2.6 MPa at the thickness variation from 

40 to 320 nm, with a stronger variation at small thicknesses. These values are very small, 

rendering the PEG nanosheets extremely elastic, presumably − due to elastomer-like behavior 

of the crosslinked network. This behavior does not change dramatically but deteriorates only 

slightly at a deviation from the standard, 1:1 composition of the films, characterized by a lesser 

extent of crosslinking. A significant deterioration of the elastic properties occurs, however, at 

the electron irradiation of the films, which is associated with their extensive chemical 

modification, apart from a reduction of their thickness. In contrast, UV light (254 nm) only 

causes a reduction of their thickness and does not result in any change of their elastic properties. 

This is one more evidence that the only effect of UV light on all-PEG films is decomposition 

of the PEG material, followed by desorption of the released fragments. The exact mechanism 

behind this behavior is not fully understood yet and should be clarified. However, one of the 

possible scenarios, viz. the effect of UV-induced, “hot” electrons from the substrate could be 

excluded by the comparison of the electron- and UV-light-treated membranes and by the 

additional spectroscopic data. A most likely reason for the failure of this mechanism for the 

PEG membranes is their weak electronic coupling to the substrate, making the tunneling of 

“hot” electrons into the film material hardly possible. 

Within the further subprojects, I explored the possibility of using the PEG films as a platform 

for ssDNA sensing, relying on the immobilization of probe ssDNA strands, capable of 

hybridization with complementary target sequences, in the PEG matrix. Two approaches were 

employed for ssDNA immobilization in the PEG films. The first method involved the reaction 

of free NH2 groups in the PEG films and NHS groups in NHS-ester-substituted homo-

oligonucleotide ssDNA. XPS and electrochemical techniques were utilized to monitor the 
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immobilization and hybridization. While XPS monitoring is generally complex and costly, EIS 

was found to be efficient, cost-effective, and label-free transduction technique. Within the 

second method, the introduction of the probe ssDNA relied on thiol-epoxy linkage, leveraging 

the epoxy-rich PEG film and thiol-modified ssDNA. Control over probe ssDNA 

immobilization was achieved by adjusting its concentration in the buffer solution. 

Electrochemical tools, especially EIS, effectively monitored these processes, offering 

qualitative and quantitative insights. The latter approach was compared to thiolated ssDNA 

directly attached to the same Au substrate. Both systems showed similar hybridization 

efficiencies to target strands, but the direct ssDNA assembly on Au did not fully prevent non-

specific adsorption of mismatching sequences, likely accessing the Au substrate at defect sites 

of the probe ssDNA film. Within both approaches, reasonable density of the immobilized probe 

ssDNA was realized. The resulting ssDNA-decorated PEG film displayed high hybridization 

activity and selectivity toward matching target ssDNA strands while preventing non-specific 

adsorption of non-matching strands. The above findings underscore the potential of employing 

EIS as an effective method for ssDNA sensing, useful in particular in the combination with the 

ssDNA-decorated, bioinert PEG platform. This platform holds promise for diverse applications 

in biosensing, ssDNA detection, and nanotechnology. 

Along with the pure PEG films and related, free-standing nanosheets, I fabricated a series of 

PEG-C60 composite films on the basis of 2k STAR-PEG precursors. Three different methods, 

termed as immersion, one-pot, and reflux, were used. In all cases, C60 formed disc-like shaped 

clusters with a narrow size distribution (an average diameter of 226−310 nm) which were either 

located on the surface of the PEG films (immersion) or embedded in their bulk, wrapped 

physically in the PEG network (one-pot) or coupled to it chemically (reflux). The portion of 

C60 in the composite films varied depending on the preparation method, achieving ~30% in 

the case of reflux. The composite films exhibited distinct optical and electrochemical properties 

associated with variations in the supramolecular organization of C60 clusters governed by the 

physical interplay between the hydrophobicity of fullerenes and the hydrophilicity of PEG. 

Specifically, the characteristic absorption peak of C60 at 314−329 nm, with the intensity 

defined by the C60 content in the films, was observed in the UV-vis spectra. The position of 

this peak was affected by the coupling between individual C60 molecules in the clusters, 

governed by their interaction with the PEG matrix. The CV and SWV curves of the composite 

films exhibited the characteristic reduction feature of C60 at –(0.71–0.84) V. The variation of 

the respective voltage suggested a variation of the LUMO energy for the C60 clusters, with up 
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to 70 meV difference for the different preparation methods. The Rct value of the PEG films, 

which was comparably low due to their porosity, was found to decrease even further by the 

admixture of C60, favoring electrochemical applications of the composite films. Moreover, 

these films adopted the superior elastic properties of the parent PEG layers, which was 

demonstrated by the fabrication and testing of free-standing composite nanosheets. 

Significantly, the transfer of these nanosheets to a secondary substrate involved only a minor 

deterioration of the electrochemical properties. 

The PEG-related subprojects hold great potential for future research, in view of the exceptional 

properties of the PEG films and free-standing nanosheets as proved above, including the unique 

bioinert, hydrogel and elastic properties in particular. For example, such PEG films can be 

potentially interesting for applications, such as biomolecule-friendly supports for biological 

samples in high-resolution TEM,28,239,240 a sensitive element of pressure sensors156 or 

microelectromechanical systems,241,242 and a matrix for biosensors, and so on. Moreover, the 

effect of UV light on the PEG films can be applied to 3D patterning of an all-PEG material, 

which can be potentially useful for applications involving, e.g., morphology control of bioinert 

surfaces or fabrication of specific microchannel structure on such a surface. In addition, the 

MW of the STAR-PEG precursors is a useful tool, allowing fine-tuning of the parameters to 

meet specific requirements of a particular application. Moreover, the studies of the probe-

ssDNA loaded, bioinert PEG films underscore the potential of employing EIS as an effective 

method for ssDNA sensing. This platform holds promise for diverse applications in biosensing, 

ssDNA detection, and nanotechnology. The PEG film is also a suitable playground for the 

fabrication of hybrid materials, as demonstrated by the PEG-C60 composite films and free-

standing nanosheets, which can be potentially useful for flexible thin-film transistors, optical 

sensors, and electrochemical applications, which can be the subjects of studies in the future. 

The bioinert character of the PEG network makes applications in the field of biosensors 

especially promising and it would be great to extend the laboratory proof-of-principle 

experiments to prototype devices. 

Finally, I studied the potential of multipodal aromatic SAMs in context of EBL and CNM 

fabrication. As a test system, tripodal-anchored, aromatic-aliphatic Trip-T1 monolayer on 

Au(111) was used. The detailed spectroscopy characterization of this SAM confirmed its high 

quality, including the homogeneous anchoring chemistry, dense molecular packing, and high 

orientational order. Exposure of the SAM to electron irradiation resulted in its extensive 

chemical transformation, damage of the SAM-substrate interface, and the loss of orientational 
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order. All these modifications were, however, not accompanied by noticeable loss of material, 

which suggested extensive irradiation-induced crosslinking within the molecular matrix, 

similar to the traditional, monopodal aromatic SAMs. The above behavior suggested that the 

Trip-T1 SAM might be a suitable candidate for EBL, serving as a negative resist, which was 

indeed verified by the dedicated lithographic experiments. The quality of the lithographic 

patterns fabricated with the Trip-T1 resist over a broad range of irradiation doses was found to 

be similar to that of the reference monopodal system – PT1 monolayer, whose constituents 

represented individual “blades” of Trip-T1. Moreover, similar to the monopodal aromatic 

SAMs, including PT1 monolayer in particular, the Trip-T1 SAM turned out to be suitable to 

serve as a precursor for CNM fabrication. The only difference with respect to the monopodal 

PT1 system was the comparably high irradiation dose (80 mC/cm2) necessary for the 

fabrication of sufficiently robust and defect-free Trip-T1-stemming CNMs. Interestingly, the 

lateral material density of both Trip-T1 and PT1 SAMs is lower than that of all other precursors 

used for the CNM fabrication so far, which makes them unique in this regard and probably 

useful for specific applications. 

This latter part of my work opens thus new possibilities for SAM-based EBL and CNM 

fabrication, showing that multipodal molecular systems can serve as useful alternative to 

traditional monopodal films and nanosheets, extending thus the pool of the primary materials 

and providing new possibilities for applications. 
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PBS Phosphate-buffered saline 

PEG Poly(ethylene glycol) 

PMMA Polymethylmethacrylate 

PT Phenylthiolate 

PT1 Dibenzyl disulfide 

SAM Self-assembled monolayer 

SEM Scanning electron microscopy 

STAR-PEG Star poly(ethylene glycol) 

STAR-NH2 4-arm star PEG precursor terminated with amine  

STAR-EPX 4-arm star PEG precursor terminated with epoxy 

ssDNA Single-stranded deoxyribonucleic acid 

SWV Square-wave voltammetry 
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T Thymine  

T5 5’−TTTTT−3’  

T10 5’−TTTTTTTTTT−3’ 

T10-SH Thiol−(CH2)6−5’−TTTTTTTTTT−3’ 

Trip-T1 1,8,13-trimercaptomethyl-triptycene 

UHV Ultra-high vacuum 

UV-vis Ultraviolet and visible 

XPS X-ray photoelectron spectroscopy 
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