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Zusammenfassung

Mallgeschneiderte organische und biologische Oberflichen und ,soft matter
lithography* sind wichtige Aspekte der modernen Nanotechnologie, sowie der
physikalischen Chemie der Grenzfl&hen. Ein wichtiges Hilfsmittel diesbezUglich ist
Ultraviolettes-(UV)-Licht, dieses kann zur Erstellung von Mustern und fir
kontrollierte Modifikation von organischen und biologischen Oberfl&hen dienen. In
diesem Zusammenhang wurden die Auswirkungen von UV-Licht auf Alkanthiolen
(AT), insbesondere deren selbst aggregierten Monolagen (SAMs) auf Gold, untersucht.
Der Fokus lag hierbei auf die Abh&ngigkeit von der verwendeten Wellenl&nge. Die
durchgefthrten Experimente wurden zuerst an den fundamentalen Systemen der nicht
substituierten AT-SAMs getestet. Diese zeigten eine qualitativ vergleichbare
Photooxidation bei der Verwendung der Wellenl&gen von 254-375 nm, jedoch eine
Verminderung der Photooxidation im Querschnitt bei héheren Wellenl&gen. Gestiizt
auf diesen Ergebnissen wurde die Mdglichkeit der UV-gesttizten Austauschreaktion
(UVPER) mit der Verwendung von nicht substituierten AT-SAMSs als prim&er Matrix
erfolgreich getestet und weiterfthrend die Verwendung von Azid-substituierten ATs
realisiert. Auf Grund dessen war eine Herstellung von gemischten SAMs mdglich,
welche eine variable Endgruppenfunktionalisierungdichte von Aziden besitzten. Die
Azid-Endgruppenfunktionalisierungen ermdglichen nachtr&liche Modifikation via
click-Reaktion mit verschiedensten Arten von Molekten und Alkinyl-Gruppen. Die
Durchfthrung solch  einer  Click-Reaktion  verschiedenster  repr&entativer
Substituenten wurde hier Demonstriert. Ferner wurde die oben erwé&nte
Herangehensweise erweitert auf Oligoethylenglycol-substituierte AT-SAMSs, welche
als proteinabweisende prim&e Matrix dienen. Bei der Kombination aus UVPER und
der folgenden Click-Reaktion mit einem Biotin-tragenden Substituenten, konnten
biorepulsive Schablonen mit kontrollierter Dichte der Ankopplungsstellen
hergestellen werden. Diese Ankopplungsstellen kéanen fUr die spezifische Adsorption
von Biotin-komplement&en Proteinen, wie Avidin und Streptavidin, verwendet
werden und wurden erfolgreich auf ihre spezifische und nicht-spezifische
Proteinaffinita getestet. Diese Vorgehensweise wurde auf UV-Lithographie erweitert
und resultierte in anwendungsspezifischen, graduell haftendend Mustern.
Schlussendlich wurde basierend auf den Resultaten der OEG-AT SAMs der Effekt
von UV-Licht auf proteinabweisende Polyethylenglycol-(PEG)-Membranen
untersucht. Es konnte hierbei gezeigt werden, dass Bestrahlung mit UV-Licht eine
umfassende Desorption des PEG-Materials ohne Photooxidation oder auffdlige
Ver&derung in chemischer Zusammensetzung, Bioabweisendem Verhalten und



Hydrogeleigenschaften der verbleibenden Membran verursacht. Dies ercffnet eine
vdlig neue Herangehensweise an das 3D-Strukturieren von allen PEG-Materialien,
welche fUr die Herstellung von Nanomaterialien und in der Biotechnologie eine

wichtige Rolle spielen k&nnten.



Abstract

Custom design of organic and biological surfaces and soft matter lithography are
important issues of modern nanotechnology and physical chemistry of interfaces. An
important tool in this regard is ultraviolet (UV) light which can be used for controlled
modification and patterning of organic and biological surfaces. In this context, the
effect of UV light on alkanethiolate (AT) self-assembled monolayers (SAMs) on gold
substrates was studied, with a particular emphasis on its wavelength dependence. The
experiments were first performed for the most basic system of non-substituted AT
SAMs which exhibited qualitatively similar photooxidation behavior at UV
wavelength variation from 254 to 375 nm but a strong decrease of the photooxidation
cross-section with increasing wavelength. Based on these results, the possibility of
UV-promoted exchange reaction (UVPER) with non-substituted AT SAMs as the
primary matrix and azide-substituted ATs as substituents was tested and successfully
realized, resulting in the fabrication of mixed SAMs with variable density of the azide
tail groups, capable of the subsequent click reaction with various kinds of molecules
and functional moieties with alkynyl group. Such a click reaction with several
representative substituents was demonstrated. Further, the above approach was
extended to oligo(ethylen glycole) substituted AT SAMs serving as protein repelling
primary matrix. Combining UVPER and the subsequent click reaction with a
biotin-bearing substituent, biorepulsive templates with controlled density of the
docking sites for the specific adsorption of biotin-complementary proteins such as
avidin and streptavidin were prepared and successfully tested regarding their
non-specific and specific protein affinity. This approach was extended to UV
lithography, resulting in preparation of custom-designed, gradient protein-adhesion
patterns. Finally, based on the results for the OEG-AT SAMs, the effect of UV light
on protein-repelling poly(ethylen glycole) (PEG) nanomembranes was studied. It was
demonstrated that UV irradiation induces extensive desorption of the PEG material,
without photooxidation or other noticeable changes in the chemical composition,
biorepelling behavior and hydrogel properties of the residual membrane. This opens a
new way of 3D patterning of all-PEG materials, potentially useful for nanofabrication
and biotechnology.
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Introduction

1. Introduction

Self-assembled monolayers (SAMs) have since long become a valuable part of
modern nanotechnology.’ > One of the major advantages of these systems is the
possibility of precise control of chemical composition of surfaces and interfaces. This
is generally achieved by selection of a proper terminal tail group which, provided a
contamination-free character and a dense molecular packing of the monolayer,
comprises the SAM-ambient interface, redefining the chemical properties of the entire
system. The family of potential tail groups is very broad, ranging from small moieties
such as methyl or hydroxyl to larger species of electrochemical (e.g., ferrocene),

nanothechnological (e.g., azobenzene) or biological (e.g., biotin) significance.®

Along with one-component SAMs bearing a specific tail group, mixed monolayers
comprising of molecules with different tail groups can be formed. Such monolayers
have several advantages as compared to the single-component films. First, the variety
of possible chemistries can be significantly extended. Second, chemical composition
of the SAM-ambient interface can be precisely tuned to achieve a particular property
or serve a particular application. Third, the surface density of a particular tail group
can be precisely varied, with the second tail group serving as a passive matrix.

The most popular way to prepare mixed monolayer is coadsorption, starting from a
mixed solution of both SAM precursors within the standard immersion procedure.
The resulting surface composition can, however, differ noticeably or even drastically
from the solution composition. An even more important constraint is a possible phase
separation in the mixed SAMs, following a thermodynamical drive for assembly of
similar species. Such a phase separation can affect properties of the mixed films,
especially at the nanoscale, resulting in failing performance. An alternative approach
is a backfilling procedure, starting from a low-density film of one component and
filling the residual space with the second component, until a dense molecular film is
formed. This procedure can, however, be only applied to certain molecular precursors,
differing significantly in their SAM building ability. Finally, there is a substitution
procedure, relying on the substitution reaction between the primary, single-component
monolayer and a second SAM precursor bearing a different tail group. Such a
procedure works, however, for certain combinations of molecules only. In addition,
the substitution reaction can take very long and occur to a certain extent only.

Recently, our group has suggested a way to avoid the limitations of the standard
substitution reaction promoting it by electron irradiation of the primary,
single-component SAM or by its exposure to ultraviolet (UV) light.* ® Such a

1
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pretreatment creates defects in the primary monolayer, which, subsequently, enables
effective exchange reaction between the defect-affected molecules in the primary film
and potential substituents in solution. As a result, the kinetics of the substitution
process can be significantly accelerated and the composition of the resulting mixed
SAMs can be varied in a broad range by adjusting either irradiation dose or duration
of the exchange reaction.® Limitations related to the specific SAM precursors can be
released as well, so that a broad variety of different molecules can be mixed, starting,
most frequently, from a primary SAM of non-substituted or specifically substituted
alkanethiolate (AT) monolayers on gold. Finally, the promoted exchange reaction can
be applied lithographically, resulting in quite sophisticated chemical and biological
patterns.®

A valuable extension of the above approach can be a use of a substituent bearing a tail
group capable of further modification of subsequent attachment chemistry. A
perspective group in this regard is azide (-N=N=N) which is capable of a click
reaction with ethynyl, enabling attachment of a broad variety of species having the
respective substitution.”® *®  Accordingly, in the given thesis | looked at the
possibility to use azide-substituted ATs as substituents in promoted exchange reaction.
As primary matrix | used either non-substituted or oligo(ethylene glucole) (OEG)
substituted ATs, targeting mixed SAMs of chemical and biological significance. It is
well-known that properly designed OEG substituted monolayers exhibit pronounced
protein-repelling properties, building therefore an ideal, biologically-inert matrix for
specific biological receptors.” % As a promoting tool for the substitution reaction |
used UV light which has essential advantages over electron irradiation since the
exposure to UV light does not require vacuum and can be performed under standard

laboratory conditions® *°** and even in solution.*?

Before starting the substituted experiments, | performed the basic studies of the effect
of UV light on non-substituted ATs, looking in particular, for the effect of the
wavelength. In this context, 1 compared the results of UV light irradiation at three
different wavelengths, viz. 254 nm, 312 nm and 375 nm. | demonstrated that UV light
can be applied in a given wavelength range for the modification of SAMs but the
efficiency of the modification decreases significantly with increasing wavelength of
UV light. Cross-sections of the major UV-induced processes in AT SAMs were
determined. Based on these results, | performed extensive experiments on UV light
promoted exchange reaction (UVPER) with the non-substituted and OEG-substituted
AT SAMs as the primary matrix and with an azide-bearing AT as substituent. The
experiments were performed at wavelength of 254 nm and 375 nm, respectively. The
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advantage of UVPER at 254 nm is its high efficiency while UV light with a longer
wavelength has more potential for lithography, in particular because of the availability
of respective, commercial lithographic setups. Note, however, that UV lithography
with SAM-like resists and templates can be performed at shorter wavelengths as well
but requires quite expensive, custom-designed experimental setups.?® %%

The above experiments as well as previous results of our and other groups suggested
that UV light can be considered as a simple and efficient method to modify the
OEG/PEG based compounds for the bio-technology. In this context, along with the
SAM studies, | applied UV light to the modification of novel, protein-repelling
hydrogel PEG nanomembranes, the fabrication of which has been recently developed
in our group. Note that, nowadays, specifically designed macromolecular membranes
have significant potential for biomedical and biological research as well as for various
practical applications such as medical diagnostics, sensor fabrication, and therapy.?’ *°
Previously our group have modified the PEG membranes by electron irradiation and
the wetting properties, chemical composition, swelling behavior, and protein-repelling
properties of the irradiated PEG films were analyzed in detail, exhibiting a specific
behavior. Within this thesis, instead of electron irradiation, UV light with a
wavelength of 254 nm was used as a modification tool, with monitoring of chemical
composition and swelling behavior. Surprisingly, the modification of the PEG
membranes by UV light was found to be different than by electrons, resulting in new
possibilities for applications.

In summary, the contents of the thesis are presented as follows:
Chapter 1 is the introduction of the thesis.

Chapter 2 provides basic information regarding SAMs, ultraviolet light, click reaction,
and the relevant characterization techniques.

Chapter 3 is a general overview of materials for the experiments, the details of the
preparation procedures, and the characterization experiments.

Chapter 4 presents the experimental results. In the first part, UV light induced
modification of non-substituted AT SAMs is described, taking dodecanethiolate
monolayers as a representative system and with a particular emphasis on the effect of
the wavelength. The second part is devoted to the result of the UVPER experiments
on non-substituted and PEG-substituted AT SAMs with an azide-bearing AT as
substituent. In the last part, modification of the PEG membranes by UV light is
described, with a particular emphasis on UV-induced desorption processes and
persistence of the swelling properties.
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Chapter 5 presents the final conclusions and an outlook for further research in the
given area.



Theoretical background

2. Theoretical background

2.1 Self-assembled monolayers

Self-assembled monolayers (SAMs), which are densely packed and well-ordered
monolayers adsorbing on suitable substrates, represent a convenient way to control
properties of the surfaces, such as adhesion, wetting, lubrication, biocompatibility and
corrosion.®® *! Generally, every molecule in the SAMs is made of a headgroup
attaching to the substrate, a chain-like spacer connecting the other two parts and a tail
group to identity the interface between the SAM and the environment.** But the
assembly molecules can just exhibit low structural quality, which should be owed to
the unperfect balance of the structure forces in the SAMs. These procedures suffer
from several limitations so that usually can do not form the desired films. For this
reason, people developed a novel approach to fabricate desired mixed SAMs, this
method is called the irradiation-promoted exchange reaction (IPER).* ** This
method means using preliminary electron irradiation to promote exchange reactions
between potential molecular substituents and a target SAM. The applicability of this
approach for mixed SAMs consists of similar molecules, such as alkanethiols (ATSs).

Not only the chemical stability of thiolate SAMs, the thiolate group also have an
excellent bonding strength. On one hand, this strength can guarantee a very strong
attachment between the SAM-constituents and the substrate; on the other hand, it
allows the dynamical movement of these moieties.*>* ¥ The last one is specially
importance for the good quality of most thiolate SAMs, that is because the high
mobility of headgroups can make molecular packing to form the SAM efficiently, it is
the main reason why the thiolate-derived SAMs have a more superior quality than the
SAMs with covalently bound headgroups, such as trichlorsilanes.*’

Controlling the surface properties is an very important challenge and it can lead to a
broad relevance of different areas, which ranges from just protection issues to the
fabrication of biochips and medical implants.®® ** A approach in this aspect is to
functionalizate the target surface by a chemi-sorbed monomolecular, SAM can offer
the interface or surface a new chemical identity. About this normal architecture, the
properties of the functionalized surface are predominantly defined by the chemical
identity of the tail group as far as the SAM remains intact. For this reason, people can
design a molecular with a required tail group to get a required property.*?
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2.2 Ultraviolet light

Ultraviolet (UV) light is a kind of electromagnetic radiation with a wavelength range
from 10 nm to 380 nm, which is longer than X-rays but shorter than visible light.
There is much UV radiation in sunlight. It can also be produced by specialized lights
such as tanning lights, mercury-vapor lights, and black lights and also by electric arcs.
Long-wavelength ultraviolet radiation lacks the energy to ionize atoms, but it can also
cause chemical reactions and many substances to fluoresce or glow. Consequently,
effects of UV on biological are much greater than just heating effects, and many UV
practical applications are due to the interactions with organic molecules.*

The electromagnetic spectrum of ultraviolet radiation (UVR) can be divided into a
series of ranges shown below:**

Table 2.1 Classification of UV light according to the wavelengths.

Name Abbreviation | Wavelength (nm) | Photon energy (eV, aJ)
Ultraviolet A UVA 315-400 3.10-3.94, 0.497-0.631
Ultraviolet B uvB 280-315 3.94-4.43, 0.631-0.710
Ultraviolet C uvC 100-280 4.43-12.4,0.710-1.987

Near ultraviolet NUV 300-400 3.10-4.13, 0.497-0.662
Middle ultraviolet MUV 300-400 4.13-6.20, 0.662-0.993
Far ultraviolet FUV 200-300 6.20-12.4, 0.993-1.987
Hydrogen Lyman-alpha | H Lyman-a 122-200 10.16-10.25, 1.628-1.642
Vacuum ultraviolet VUV 10-200 6.20-124, 0.993-19.867
Extreme ultraviolet EUV 10-121 12.4-124,1.99-19.87

Various of vacuum devices and solid-state have been used for different parts of the
UV spectrum. UV can be measured by suitable photocathodes and photodiodes, which
tailored to Dbe sensitive to different kinds of the UV spectrum.
Spectrometers andradiometers are  made to measure UV radiation. Sensitive
ultraviolet photomultipliers are available. Silicon detectors are used for the whole
spectrum.®
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2.3 Click reactions

b 13

Sharpless’ “click chemistry” is attracting more and more attention in surface
chemistry, especially about the functionalization of SAMs on gold surface. Click
chemistry is a kind of selective chemical reactions which has high yields, can tolerant
to various of solvents (including water), air, and functional groups.®® Click reaction
IS reported to fabricate many biosensors, such as immunosensor, enzymebased

biosensor and aptamer-based biosensor.

As we know, the previous copper-catalyzed cycloaddition of azides and alkynes is
particularly useful for facile and rapid construction of arrays for drug discovery. The
reaction is conducted in the presence of aqueous solvents and air to get stable
1,2,3-triazoles.”® Click reaction can be used for facile and rapid modification of
surfaces. It shows a group of bimolecular reactions which allows the quick formation
of a covalent link between a substrate and a surface or between two substrates. Most
of click reactions are based on Diels—Alder cycloadditions or 1,3-dipolar, addition to

carbon—carbon multiple bonds, and imine formation.

However, the azide—alkyne cycloaddition above needed Cu® as catalyst, which can
strongly reduce biocompatibility. But Bertozzi and co-workers have overcome this
limitation by using ring-strained alkynes as substrate to readily proceed. Since then
the strain-promoted azide—alkyne cycloaddition (SPAAC) has long development of
applications in labeling, such as, nucleotides, carbohydrates, and lipids. To expand the
potential of this method, Ting and co-workers designed a lipolic acid ligase, which
can ligate a small encoded recognition peptide onto a cylcooctyne-containing
substrate. In the next step, the incorporated cyclooctyne moiety then functioned as a
specific site for labeling in cells.*°

Because alkyne and azide moieties are very rare in nature, i.e., ‘bioorthogonal’, strain
promoted azide—alkyne cycloadditions and the copper-catalyzed have found many
applications in labeling protein modification, biomolecules, developing biotech tools,
and synthesis of bioconjugates. These strategies give pretty good selectivity but also
require derivatization of substrates with a lot of different functionalities.>® **

2.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS), which is also named electron spectroscopy
for chemical analysis (ESCA) is a widely used method for surface characterization. It
uses the photoelectric effect to analyze the surfaces chemical composition. The
sample is irradiated by low-energy (~1.5 keV) X-rays to excite the photoelectric effect.
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The energy spectrum of the emitted photoelectrons is determined by means of a
high-resolution electron spectrometer. The concentration of the sample’s emitting
atom decides the amount of photoelectrons emitted. The analysis chamber is ultrahigh
vacuum (UHV) (p <107 bar). Only the top layer of only several nanometers can be
measured. There is an interesting fact that chemical environmentthe also have effect
on energy of the photoelectrons. There will be a chemical shift depending on the
hybridization, oxidation state or inductively acting substituents on the atom.%* %

Basic physics

X-ray photoelectron spectroscopy works by irradiating a sample material with
monoenergetic soft X-rays causing electrons to be ejected. Identification of the
elements in the sample can be made directly from the kinetic energies of these ejected
photoelectrons. The relative concentrations of elements can be determined from the
photoelectron intensities. An important advantage of XPS is its ability to obtain
information on chemical states from the variations in binding energies, or chemical
shifts, of the photoelectron lines. To character the thickness and type of corrosion
layers to investigate passivation phenomena, solid catalysts, adsorption effects and
processes in the surface treatment. An electron of a certain binding energy BE absorbs

a photon of the energy /v and is emitted with the kinetic energy KE.®"

O Photoelectron

Efermllevsl
312
2p 132
e o
(_/7 Binding Energy (BE)
2s \,_Lc ®
1s O L

KE = hv- BE - e®
Figure 2.1 Sketch of the energy diagram of the photoexcitation process.

The relationship governing the interaction of a photon with a core level is:
KE =hv-BE -e@
KE: Kinetic Energy of ejected photoelectron,
hv: characteristic energy of X-ray photon,
BE: Binding Energy of of the atomic orbital from which the electron originates.
e@: spectrometer work function
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Construction of apparatus

The schematic diagram of XPS is shown in Figure 2.2. The measurement condition
must be ultra vacuum because when photoelectrons are transferred from sample to the
detector without colliding with any gas molecules. Usually XPS is made of three
elements: the X-ray source, the detector and the energy analyzer. As discussed in last
part, kinetic energy of the photoelectron according to the X-rays’ wavelength, so
using X-ray irradiation at low energy defined as the line width is important. Mostly
Mg and Al are used as anode material, Mg has emission K alpha line at 1253.6 eV
with a FWHM of 0.7 eV and Al has emission K alpha line at 1486.6eV with a FWHM

of 0.85 eV(Table 3.1).”
Energy Analyzer

Pnoton source Microchannel plate with anode

electrodes or multiple channel
electron multipliers

% Escaping photoelectrons

Sample

Aol { ' Y~

Figure 2.2 Basic components of a monochromatic XPS system.

Table 2.2 General properties of Mg Ka and Al Ko X-ray radiation source.

X-ray source Energy (eV) Width (eV)
Mg Ka 1253.6 0.70
Al Ka 1486.6 0.85

Attenuation length and film thickness

For estimating the thickness of layer A on substrate B, the influence of the layer
thickness, the energy dependent attenuation length, or the photoelectrons emission
angle on their photoemission intensities are used. In simple case, the thickness d of a
homogeneous layer, the layer intensities I, and the substrate intensities Ig are given

by:
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Ia = m{l— exp(— mﬂ )

)

ls = Iswexp(-—)
AB, ACOSH

la and lg,, are the intensities of the pure bulk elements A and B. /aa and Aga are the
inelastic mean free paths (better: the attenuation lengths AL considering the elastic
scattering of the photoelectrons) of the electrons in A (second index letter) emitted by
the element A or B (first index letter). The emission angle 0 of the electrons is given
regarding the surface normal (polar angle).”

Equations. 1 and 2 are reasonable by the following assumptions:

- Samples are flat and homogeneous.

- Interfaces are abrupt.

- Samples are amorphous or fine-grained, for which photoelectrons don’t show
interference effects.

To reduce the thickness estimation’s uncertainties, using the intensity ratios as
evaluation methods, e.g. Ia/lg. Most commonly used method to measure thickness of
thin films, the intensity ratio 1a/lg of photoelectron peaks of the layer A and the
substrate B is applied (Method 1):

I _ bwfl—exp[-d /(2a acos6)]}

3
ls  lsexp[—d/(1a acosd)| ®)
the intensity ratio of the bulk elements is
lno  Naoada aTa
e (4)

low NeosAg, TR

In this equation, N is so-called atomic density, o is the ionization cross-section of the
observed photoelectron line and T is the spectrometer’s transmission function. With
the corrected intensity
po

oAT
the ratio is given by
_ Nafl—exp[-d /(1 acos8)]}
~ Neexp|[-d/(4s acos6)| (6)

(5)

I's
I's
Because of the approximation Aaa = Ag A = 4, we can get the layer thickness d:

1ANBw» +1j )

BINAx

1

ANB

d :Acoseln(l +1j:}tcoseln(

BNa
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2.5 Near edge X-ray absorption fine structure spectroscopy

NEXAFS spectroscopy, short of Near Edge X-Ray Absorption Fine Structure, means
the absorption fine structure near to the absorption edge, almost the first 30 eV begin
with the actual edge.””"™ In this section there is usually the largest variations in the
X-ray absorption coefficient and often dominated by narrow ,intense resonances.
NEXAFS is also named XANES (X-Ray Absorption Near Edge Structure). Now,
NEXAFS is especially used for soft X-ray absorption spectra and XANES for hard
X-ray spectra.”® In NEXAFS the X-ray energy is scanned and the absorbed X-ray
intensity is measured. And it is different from XPS, in which the photon energy is
fixed and the electron intensity is measured as a function of electron kinetic energy.
Electron yield and transmission measurements are the most common methods. Note
that the absorption coefficient p is obtained either as the logarithm or the direct ratio
of the detected intensities I; and I, and incident intensity |,, as indicated in the Figure
2.3.
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I Auger electron
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Figure 2.3 Two most popular methods of recording x-ray absorption spectra.

The transmission technique needs thin foils but electron yield technique, often called
total electron yield (TEY) detection, and used for normal samples. The absorbed
X-ray intensity is not measured directly in TEY measurements, but the photoelectrons
created by the absorbed X-rays.”* X-rays are absorbed through excitations to empty
states of core electrons above Fermi level or the vacuum. Then the holes are filled
with Auger decay. The intensity of emitted primary Auger electrons is used in Auger
electron yield (AEY) measurements and is a direct measurement of the Xx-ray
absorption process. AEY is very highly surface-sensitive, which is similar to XPS.
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When they leave the sample, the primary Auger electrons can create scattered
secondary electrons (see Figure 2.4) which dominate the total electron yield (TEY)
intensity. The TEY cascade involves several scattering events and originates from an
average depth, the electron sampling depth L. Electrons created in the deeper sample
lose much more energy to overcome the workfunction of the sample and can not
contribute to the TEY. The sampling depth L in TEY measurements is typically a few
nanometers, on the other hand for AEY measurements it is usually less than 1nm.

Why NEXAFS is called element specific is that different elements have different
energies of X-ray absorption edges. Figure 2.4 compares XPS and NEXAFS spectra
of the same polymer.”? The XPS spectra was recorded at a photon energy of 750 eV.
Both of the two spectra have pronounced peaks related to C, N, O, and F atoms in the
sample. For example, in the NEXAFS spectra the C K-edge threshold peak lies at
about 285 eV (photon energy). But in the XPS spectra it corresponds to a peak at
750 eV - 285 eV = 465 eV (Kkinetic energy).

XPS NEXAFS
4 | (, | |
Secondary electrons Photon Energy ‘ o
4 (x 1/100) 750 eV oL | N
C | o
HE = ‘\ o=<|; n
F i | LN
R H
= : g \ ';“@
= | \ 0]
@ 2 k \l
[— \
b | N 1
(\.MM - A : :
Wi Valence o eS8
Auger peaks ' | Ll ~_| ote \
0 | 0 ‘.....-.JTN.._,.\Band g ;\'l,‘_ : ‘ J\
0 200 400 600 800 250 350 450 550 650 750
Kinetic Energy (eV) Photon Energy (eV)

Figure 2.4 Comparison of XPS and NEXAFS spectra for a polyimide polymer, whose
structural formula is shown in the inset.

Like XPS, NEXAFS is also sensitive to the environment of absorbing atom which is
already shown in Figure 2.4. The NEXAFS spectra shows considerable fine structures
above elemental absorption edges. These fine structures arise from excitations to
unoccupied molecular orbitals. In a corresponding picture one can think of the
resonances which is arising from scattering of the excited low-energy photoelectron
by the molecular potential. People always use a spectral "fingerprint” technique to
character the local bonding environment.
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2.6 Ellipsometry

Ellipsometry is a method which can measure changes in polarization as light reflects
from a material structure.” The polarization change can be represented as an
amplitude ratio, ¥, and the phase difference, A. The response measured depends on
thickness of individual materials and optical properties. For this reason, ellipsometry
is mostly used to measure film thickness and optical constants. What’s more, it can
also used to characterize composition, doping concentration, roughness, crystallinity,
and other material properties associated with a change in optical response.

From 1960s, as ellipsometry became to provide enough sensitivity of measure
nanometer-scale layers used in microelectronics, more and more people pay attention
to it. Nowadays, Its applications consists of the basic research in physical sciences,
data storage solutions and semiconductor, flat panel display, biosensor,
communication, and optical coating industries.”® This is also because that it has
increasing dependence on thin films in many areas and the flexibility to measure most
material types: semiconductors, dielectrics, metals, organics, superconductors,
composites of materials, and biological coatings.

Linearly Polarized Light

E p-plane
s-plane
Elliptically Polarized Light
[}
I
: p-plane . E
I
1
o s-plane ‘
— Jf—q_hq_\-\\\\_ o
plane of incidence f_—;”’f# - 1..5” —
Q“Q AT
——
Z

Reflect off Sample
Figure 2.5 Schematic setup of an ellipsometry experiment.

Ellipsometry is very sensitive to the surface layers’ presence on the order of just a
fraction of a nanometer. However, the interaction between light and these ultra-thin
layers can not provide good enough sensitivity to determine both refractive and index
thickness. For this case, it is better to assume an approximate refractive index and
only get the film thickness. The preferred upper thickness limit for most
visible-to-near infrared measurements is less than 5 microns. Even for films of 1 to 5
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microns thick, it is better to measure with multiple incidence angles to make sure that
you have a unique thickness solution.”’

Ellipsometry is used to measure various of thin films, which has no restriction on the
material’s type, just need light reflects from the surface. But if the coating is too rough,
it can prevents ellipsometry measurements because it scatters the probe beam away
from the detector. Ellipsometry is commonly applied to dielectrics, semiconductors,
organics, and even metal layers.”® The coatings can be homogenous or graded,
isotropic or anisotropic. Ellipsometry is also applied to multilayer structures, with
films of different materials. The only restriction for thickness measurements is
whether light can pass through to the underlying substrate and back.

2.7 Scanning electron microscopy

Basic description

Scanning electron microscope (SEM) uses a focused high-energy electron beam to
generate various signals from the surface of solid samples. The signals carry
information of the sample including chemical composition, external morphology
(texture), crystalline structure and orientation of materials which are making up the
sample.” ®° Areas ranges from about 1 cm to 5 microns in width and it can be
imaged in a scanning mode when using conventional SEM techniques (magnification
ranging from 20X to approximately 30,000X, spatial resolution of 50 to 100 nm). The
SEM has good analyses performance of selected points on the sample.
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Figure 2.6 Schematic of the electron and X-ray optics of a combined SEM-EPMA.
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In SEM, Accelerated electrons can carry significant amounts of kinetic energy, and
this energy is scattered as various of signals which are produced by interactions of
electron-sample when the incident electrons are decelerated in the sample.®® These
signals consists of secondary electrons (produce SEM images), diffracted
backscattered electrons (EBSD used to determine crystal structures and orientations of
minerals), backscattered electrons (BSE), photons (continuum X-rays and
characteristic X-rays used for elemental analysis), heat and visible light
(cathodoluminescence—CL).

Applications

SEM is usually used to generate high-resolution images of objects’ shapes (SEI) and
to indicate spatial variations of chemical compositions.?> SEM is widely used to
identify phases based on crystalline structure and qualitative chemical analysis.
Accurate measurement of very small objects and detail features down to 50 nm is also
accomplished. Backescattered electron images (BSE) can be used for quick
distinguish of phases in multiphase samples. SEMs with diffracted backscattered
electron detectors (EBSD) can be used to measure crystallographic orientation and
microfabric in many materials.

2.8 Contact angle goniometry

When there is an interface between a solid and a liquid, the angle between the contact
surface’s outline and the liquid’s surface is named the contact angle . The contact
angle can indicate the wettability of a solid by a liquid.®® When a liquid is dropped
on a smooth homogeneous horizontal surface, it may spread all over the substrate and
if complete wetting takes place the contact angle will be almost zero. On the other
hand, if wetting is partial, the contact angle reaches equilibrium in the range of
surface energy of the material. The smaller the contact angle, the better the wettability
of the substrate is. Contact angle is a good method for surface wettability.

When complete wetting, the contact angle is 0< Between 0<and 90< the surface is
good wetting and above 90 it is bad wetting. When the materials is ultrahydrophobic,
which means it has the so-called lotus effect, & will approach 180 which is the
theoretical limit. According to Young's equation, there is a relationship between
the surface tension of the liquid oy, the contact angle 6, free energy o of solid and
the surface and the interfacial tension o5 between liquid:*

o, =0, +0,c0s0
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Figure 2.7 Schematic of contact angle (CA) for a water drop placed on surfaces of
different hydrophobicities.

Contact Angle Measurement is a better and very accurate method for characterizing
the interactions between a solid and a liquid.* Contact Angle Meter is an ideal
academic or industrial tool for R & D engineers, product development engineers who
need repeatability and precision. Contact Angle Measurement combines a
non-destructive testing method with high technology test instrumentation to make an
objective, accurate and repeatable analysis. With this method, you can learn about the
effects of a series of surface treatments and get data that related to various surface
conditions, such as wettability, lubricity, surface energy etc.
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3. Materials, Preparation procedures and Characterization

3.1 Chemicals and Compounds

3.1.1 Gold substrates

The gold substrates were purchased from Georg Albert PVVD-Beschichtungen and
used as received. They were prepared by thermal evaporation of gold (30-100 nm
thickness, 99.99% purity) onto polished single-crystal silicon (100) wafers (Silicon
Sense) that had been precoated with a 5 nm titanium adhesion layer. The films were
polycrystalline, exposing preferably (111) orientated surfaces of individual
crystallites.

3.1.2 Chemicals

Solvents

All solvents were purchased from Sigma-Aldrich and used as received.
Precursors of SAMs

The SAM precursors used in this study, viz. dodecanethiol (DDT),
11-mercaptoundecanoic acid (MUDA), HS—(CH2)11(OCH2CH2)n—OH (EGn; n=3
and 6), and 12-Azido-1-dodecanethiol (C12N3) are shown in Schema 3.1.°*® The
DDT and EGn compounds were purchased from Sigma-Aldrich and ProChimia
Surfaces, respectively, and used as received. The C12N3 compound was
custom-synthesized by our partners.

OH
< N//N
Vi
N
O

DDT MUDA EGn C12N3

Figure 3.1 SAM precursors of this study, along with the respective abbreviations.
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Chemicals used for the click reaction

The compounds for the click reaction included 1-Ethynyl-3,5-bis(trifluoromethyl)
benzene (EFB, 630241), Dibenzocyclooctyne-PEG4-biotin conjugate (DBPB), and
Biotin-PEG4-alkyne (BPA).>” *® These compounds were purchased from Sigma-
Aldrich and are shown in Figure 3.2. Further compounds and biomolecules used in
this study include (+)-Sodium L-ascorbate (A7631) and Copper(ll) sulfate
pentahydrate (209198), avidin (A9275) and bovine serum albumin (BSA, A7638). All
these compounds were purchased from Sigma-Aldrich.

FsC

EFB

Figure 3.2 Compounds for the click reaction with the azide group, along with the
respective abbreviations.

Proteins

Our experiment used this two kinds of protein to conduct specific and non-specific
adsorption, avidin (A9275) and bovine serum albumin (BSA, A7638).>°%° Both of
this two compounds were purchased from Sigma-Aldrich.

Precursors of the PEG membranes

Epoxy- and amino-terminated, four-arm polyethylene glycols with Mn = 2000 g/mol
(abbreviated as STAR2k-EPX and STAR2k-NH2, respectively)®® used as precursors
of the PEG membranes were purchased from Creative PEGWorks USA.
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Figure 3.3 Epoxy- and amino-terminated, fourarm poly (ethylene glycols).

3.2 Preparation procedures

3.2.1 Modification of non-substituted AT SAMs by UV light
3.2.1.1 Preparation of the DDT SAMs

For this study | used dodecanethiol (DDT) SAM as a representative example of
non-substituted ATSs. In this sub-project, I chose to use Au wafer as substrate, this
wafer consist of 100 nm Au, 5 nm Ti and 1 mm Si. It was reported as a nice substrate
to form SAMs because of strong energy of Au-s bond. | immersed Au substrate into 1
mmol/L DDT (ethanol) solution for 24 h, which is long enough to form well-ordered
SAMS.62 ,63

3.2.1.2 UV irradiation of DDT SAMs

| aimed to monitor the effect of UV wavelengths on DDT SAMs, for this reason, |
used 254 nm (ultraviolet C), 312 nm (ultraviolet B) and 375 nm (ultraviolet A) UV
light to irradiate DDT SAMs. The intensity of 254 nm UV light was 2 mW/cm?, the
distance between the UV sources and samples was 1.5 cm; the intensity of 312 nm
UV light was 2 mW/cm?, the distance between the UV sources and samples was 3 cm;
The intensity of 375 nm UV light was 37 mW/cm?, the distance between the UV
sources and samples was 15 cm. After irradiation, the samples were avoided washing
with ethanol or water, they were measured directly to avoid removal of weakly-bound
species.

3.2.1.3 Exchange reaction with MUDA

| used irradiated SAMs to exchange with 11-mercaptoundecanoic acid (MUDA) and
then performed the contact angle measurement. Through this process, | could easily
get the portion of DDT in mixed SAMs, and | could also find out how much Au-S
bond was destroyed by UV light irradiation.

3.2.2 UV promoted exchange reaction: DDT

3.2.2.1 Preparation of the mixed DDT/C12N3 SAMs
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| immersed Au substrate into 1 mmol/L DDT (ethanol) solution for 24 h, which is long
enough to form well-ordered SAMs. | used 254 nm UV light to irradiate DDT SAMs
because it is more effective and will take less time and get good result. The intensity
of 254 nm UV light is 2 mW/cm?, the distance between light and samples is 1.5 cm.
Then | put irradiated DDT SAMs into 1 mmol/L C12N3 solution for 2 h to get mixed
DDT/C12N3 SAMs.

3.2.2.2 Click reaction for the mixed DDT/C12N3 SAMs

Click reaction was performed in either catalyst-mediated or catalyst-free fashion.
CuSO, was reduced by sodium ascorbate at RT to get Cu™ as catalyst. Subsequently,
the DDT/C12N3 films were immersed into mixed solution of Cu* and EFB at RT for
72 h.

3.2.3 UV promoted exchange reaction: EGn
3.2.3.1 Preparation of the mixed EGn/C12N3 SAMs

100 nm gold substrates were immersed into Immol EGn solution for 24 h to form
EGn SAMs, and UV LED Optical Module was used to irradiate the pristine EGn
SAM (375 nm UV, 38 mW/cm?) and then immersed into C12N3 solution to get mixed
SAMs, the UV sources can be controlled to transfer various kinds of pattern to the
substrate surface.

3.2.3.2 Click reaction for the mixed EGn/C12N3 SAMs

Click reaction was performed in either catalyst-mediated or catalyst-free fashion.
CuS04 was reduced by sodium ascorbate at RT to get Cu” as catalyst. Subsequently,
the EGn/C12N3 films were immersed into mixed solution of Cu® and BPA at RT for
72 h (catalyst-mediated click reaction). In addition, catalyst-free click reaction was
performed, by immersing the EGn/C12N3 films into solution of DBPB at RT for 72 h.

3.2.3.3 Preparation of UV patterns

There are two main parts of lithographic setup, the V4100 - DLP DiscoveryTM
Production Bundles and the High-power UV LED Optical Module for DLP
DiscoveryTM 0.7 XGA DMD purchased from Texas Instruments Inc. Via VIALUX
GmbH, Germany. This setup is shown in Figure 3.4. Especially, the V4100 Bundles
are made of ALP-4.2 "high speed" Controller Suite and the V4100 board with 0.7"
XGA 2x LVDS (UV) DMD for UV light.*®
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beamshaper

A1 @

UV source

projection
objective

- cample —3»

XYZ stage

pattern

Figure 3.4 Schematic representation of a projection-based, maskless UV lithographic
setup. The major elements are marked. A pattern designed in the computer serves as
the input for the DMD chip which projects the pre-shaped UV beam to the sample,
mimicking the original pattern.®®

There are 1024768 individually controlled micromirrors in the DMD chip, with a
pitch of 13.6 um. The high-power UV LED Optical Module is made of a UV LED
source (10 W, 375 nm) and projection optics. | can design the patterns in a computer
with some commercial graphical softwares and transfer a picture file to the DMD
controller. One can control each micromirror in the chip independently (just ON or
OFF). The high-speed controller software can maximize the switching rates of the
mirrors under gray value patterns, full-array global shutter operation, LED control,
and precise triggering.The flux density onto the sample is measured with a
multichannel energy meter which is equipped with a PD300-UV sensor. The flux is
estimated at ~38 mW/cm? homogeneous illumination, which is about 80% of LED
power and the normal adjustment of optical elements. Several performance and
resolution tests are made by using a CMOS monochrome board camera (5 mega pixel
resolution at 2.2 um pixel size) and a commercial photo-sensitive resist.

3.2.3.4 Protein adsorption

Put clicked SAMs into 1 mg/ml BSA and avidin (dissolved in PBS solution) for 0.5 h,
rinsed it with PBS solution and water. BSA and avidin were used for the DW and
IPER process, respectively. The protein adsorption was performed from a 0.1 mg/ml
solution of the respective protein in a PBS (P4417TAB, pH=74 at 25 <T
Sigma-Aldrich) solution prepared using Millipore water. The incubation time was
30 min. After protein adsorption, the samples were rinsed thoroughly in PBS solution,
washed in Millipore water, and dried under argon flow.

3.2.4 PEG nanomembranes
3.2.4.1 Preparation of PEG nanomembranes
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PHMs were prepared by the previously established technique (Figure 7.1), from the
epoxy/amine-terminated four-arm STARPEGs with Mn = 2000 g/mol (Creative
PEGWorks), abbreviated as STAR2k-EPX and STAR2k-NH2, respectively.
According to the molecular weight, the PEG arms include monomers, corresponding
to an arm length of 3.5-3.9 nm. The PEG compounds were separately dissolved in
chloroform, mixed together with the joint concentration of 5 mg/mL, spin-coated onto
an Au (111) substrate (Georg-Albert-PVVD, Germany), the rotating speed is 4000 rpm,
cross-linked by prolonged thermal annealing (6 h, 80 <C), and ultrasonicated to
remove the weakly bound material. The thickness of membrane is 30-40 nm. In
contrast to the previous work where the complementary PEG compounds, serving as
precursors for the membrane fabrication, were exclusively mixed in the equilibrium
1:1 ratio. The joint concentration of the STAR2k materials was, however, kept
constant, as mentioned above.

3.2.4.2 Modification of PEG nanomembranes by UV light

In this experiment, UV light of 254 nm was used to irradiated the PEG membrane to
modified the properties of it. | changed the distance between UV light and the
samples. By doing this, the flux were changed. So if you need to reach the same dose,
the irradiation time will be increasing. When the distance was ~1.5 ¢cm, the flux was
3 mW/cm?; when the distance was ~4 cm, the flux was 2 mW/cm?; when the distance
was ~8.5 cm, the flux was 0.5 mW/cm?.

3.3 Characterization experiments

Contact Angle Goniometry

The single-component and mixed monolayers were characterized by contact angle
goniometry. Advancing contact angles of Millipore water were measured on freshly
prepared samples with a Kruss goniometer Model G1. The measurements were
performed under ambient conditions with the needle tip in contact with the drop. The
drop volume was about 2 L. At least three measurements at different locations on each
sample were made. The averaged values are reported. Deviations from the average
were less than 2<

XPS

For the XPS characterization, a dedicated spectrometer (MAX200, Leybold-Heraeus)
equipped with an Mg Ko X-ray source (1253.6 eV; 200 W) and a hemispherical
analyser was used. The X-ray source was positioned ~1.5 cm away from the sample
The spectra were recorded in normal emission geometry with an energy resolution of
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~0.9 eV. The recorded spectra were divided by the spectrometer transmission function
and the binding energy (BE) scale was referenced to the Au 4f;,, peak of clean gold at
84.0 eV.®® Apart from the characterization of the SAMs, XPS was also used to
monitor the protein adsorption, which was performed on the basis of the characteristic
N 1s signal following the methodology of our previous publications.®*’ *°

NEXAFS spectroscopy

NEXAFS spectroscopy measurements were performed at the bending magnet
HE-SGM  beamline of the synchrotron storage ring BESSY Il
(Helmloltz-Zentrum-Berlin). A dedicated experimental station was used.*?*® The
spectra acquisition was carried out at the carbon and nitrogen K-edges in the partial
electron yield (PEY) mode with retarding voltages of 150 V and 300 V, respectively.
As the primary X-ray source, linearly polarized synchrotron light with a polarization
factor of ~91% was used. The incidence angle of the X-rays was varied in some cases
following the standard approach.'® The energy resolution was ~0.3 eV at the C
K-edge and ~0.5 eV at the N K-edge. The photon energy (PE) scale was referenced to
the pronounced ©* resonance of highly oriented pyrolytic graphite at 285.38 eV,
Raw NEXAFS spectra were normalized to the incident photon flux by division
through a spectrum of a clean, freshly sputtered gold sample. Subsequently, the
spectra were reduced to the standard form by subtracting a linear pre-edge
background and normalizing to the unity edge jump (determined by a nearly
horizontal plateau 40-50 eV above the respective absorption edges).

SEM

The fabricated protein patterns were imaged using a Leo 1530 Gemini SEM device
(Zeiss, Germany). The images were recorded at an acceleration voltage of 5 kV. The
residual gas pressure was ca. 5x10° mbar.

AFM

The lithographically created topographic patterns were characterized by atomic force
microscopy (AFM) using a Dimension 3100 microscope (Digital Instruments) with a
Nanoscope Illa controller (Veeco Instruments). The measurements were performed
under ambient conditions, in the tapping mode.
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4. Results and discussion

4.1 Modification of non-substituted AT SAMs by UV light

4.1.1 UV light modified SAMs: XPS

To analyst the change of DDT molecular on gold surface, | used XPS spectra to see
what would happen on the molecular chain. In figure 4.1a, | can see that the main C
1s peak (284.6 eV) has a small intensity reduction with the dose increasing
accompanied by a shift of the major emission to lower BE and there is a weak signal
increasing at higher BE (286.8 eV) which represents C-O bond. When laid under the
UV light, the alkyl chains has a partial damage and oxidation of the alkyl chains
which is less than the analogous processes at the SAM-substrate interface and the
Au-S bond is oxidized by the oxygen in the air.*

In Figure 4.1a, in DDT spectra there is a characteristic doublet (S 2ps;12) at a BE
position of ~162.0 eV (S 2ps2) which corresponds to the thiolate binding to the noble
metal surfaces and no other sulfur-derived species exhibits. When irradiated, the
intensity of S 2ps, doublet decreases, and at the same time a new doublet at a BE
~168.0 ¢V ((R—S03), which associated with photooxidized sulphur group, appears
and increases in intensity with progressive UV exposure. This is typically peak in the
case of thiol-derived SAMs on noble metal substrates. Besides R—SOj’, other
sulfur-derived moieties such as sulfenates (R—SO"), sulfinates (R—SO5"), and sulfates
(SO4) were observed as well. The emerging doublets at BEs of 165.6, 166.7, 167.9,
and 168.5 eV (S 2ps;) can be assigned to the sulfenate (SO), sulfinate (SO),
sulfonate (SOg3), and sulfate (SO,4) species, respectively. They will have more or less
changes according to the intensity of UV sources or irradiation time. The progressive
and controlled photooxidation of the thiolate headgroup at this interface builds a basis
for a variety of lithographic applications both in the framework of conventional
lithography and versatile chemical lithography. The latter relies on significant
weakening of the adsorbate-substrate bond for the sulfonate headgroups as compared
to the one of the original thiolate anchors.® %

25



Results and discussion

Intensity (a.u.)

Intensity (a.u.)

DDT
O

0 ®

Intensity (a.u.)

538 536 534 532 530 528 526 176
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 4.1 XPS spectra of the irradiated DDT monolayers irradiated by (a) 254 nm,
(b) 312 nm, and (c) 375 nm UV light.

Comparing the three different wavelength, | got similar tendency about intensity
against binding energy. For this reason, according to the intensity, | calculate the
percentage of undamaged DDT in the irradiated SAMs and plot them in the Figure 4.2
below:
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Figure 4.2 The relative intensities of the a) S 2p thiolate component and b) O 1s
signals for the in the DDT monolayers irradiated by 254 nm (squares), 312 nm
(circles), and 375 nm (triangles) plotted as functions of UV dose; the intensities are
normalized to the values for the pristine film.

In the Figure 4.2a, the tendency of the main doublet S 2p at 162 eV is shown. The
dose needed of different wavelengths are rather different, in 254 nm the dose ranges
from 0 J/cm? to 10 J/cm?, and this figure in 312 nm and 375 nm are 0-45 J/cm? and
0-1000 J/cm?, respectively. This is a similar change of O 1s peak shown in Figure4.2b,
it is also represented as an exponential curve. It means when the irradiation time
increases, more and more Au-S bond are oxidized to -SOx group.

The cross sections of the UV induced photooxidation of the SAM—substrate interface
were evaluated from the variation of the relative intensity of the thiolate component in
the S 2p spectra as a function of irradiation dose as shown in Figure 4.2. The relative
intensity of the thiolate component decreased exponentially with progressive exposure
of the DDT SAMs to UV light, which could be fitted with a similar first-order
exponential decay function to calculate the cross section values that are presented in
Table 4.1. The cross section values could be calculated following the

formalism:10 88 &

I = IsaI + (I prist Isat) XeXp(_oq)uv) (8)

where | is the characteristic intensity value as a function of UV exposure, ®yy is the
UV exposure per area (in J/cm?), lyis and lsg are the intensity values for the pristine
and strongly irradiated (a leveling off behavior) DDT monolayers, respectively, and
the cross section o (expressed here in cm?J) is a measure of the rate at which a
process occurs and saturation is achieved. To avoid the unusual unit of the cross
section, | referred it to the number of photons, N, using a formula for N per joule, N =
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4 %5,03 10", where 1 is the wavelength of UV light in nanometers. This formula can
be easily obtained from the basic equation E = hc/4, where h is the Planck’s constant,
and c is the speed of light. The calculated cross section values for the degradation of
the DDT chains are given in Table 4.1. The cross sections for decomposition of the
DDT part were found to increase with decreasing length of the DDT chain.

Table 4.1 Cross section of the UV induced modification of the DDT monolayers
(SAM-ambient interface) according to the intensity of the S 2p doublet(162 eV for
S 2p3p).

Wavelength of UV light 254 nm 312 nm 375 nm

Cross section (in the Units of 10 2 cm?) | 450485.3 | 35.3#135 | 2.140.57

The most relevant cross section for the decomposition of the DDT molecular is
presented in Figure 4.3 as a function of the wavelength. The observed dependence can
be fitted well by an exponential function.

500 7T T T T

DDT

A

o

ls
T
1

w
(@]
o
T
1

200 - =
100 -
ol 4

PR RPN RPN RPN R R R
240 260 280 300 320 340 360 380

Cross section (x10%'cm?)

UV wavelength (nm)

Figure 4.3 Cross section of the UV induced modification of the DDT monolayers
(SAM-ambient interface) according to the intensity of the S 2p doublet(162 eV for
S 2pspp) as a function of the wavelength. The solid line is an exponential fit to the
experimental data.

4.1.2 UV promoted exchange reaction with MUDA: water contact angle

In order to characterize the portion of oxidized SAMs, | use MUDA
(11-mercaptoundecanoic acid) as a substituent to exchange with oxidized DDT SAM,
the procedure is shown in Figure 4.4.
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Figure 4.4 Schematic of UVPER between the DDT SAM and MUDA.

That is because that MUDA has a much lower contact angle and after exchange there
is a obvious decrease. The contact angle of MUDA (in our laboratory conditions) is
54<and the contact angle of DDT is 110< There is a relationship of contact angle
between mixed SAMs and two pristine SAMs as shown below:®

cosa = fO,+(1— f)cosé, 9)

In this equation, o is contact angle of mixed SAMs, 6; is contact angle of one
composition and f is its portion, &, is contact angle of the other composition.
According to this function, | can get portion of MUDA in mixed SAMs as shown in
Figure 4.5.
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Figure 4.5 a) Advanced water contact angle for the DDT monolayers irradiated by
254 nm (triangles), 312 nm (squares), and 375 nm (circles) and subsequently
exchanged with MUDA plotted as functions of UV dose; b) The portions of MUDA in
the mixed SAMs plotted as functions of UV dose according to the water contact angle
data.
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As it is shown in Figure 4.5, all of three kinds of wavelength have same trend of
contact angle: decrease with dose increasing which is also same to XPS intensity
trend. Comparing the portion of MUDA in mixed SAMs and the liiolate pOrtion in
SAMs, there is also a rather good match.

The cross section values for the degradation of the DDT chains calculated by the
contact angle of mixed DDT/MUDA SAMs are given in Table 4.2.The cross sections
for decomposition of the DDT part were found to increase with decreasing length of
the DDT chain.*! %

Table 4.2 Cross section of the UV induced modification of the DDT monolayers

(general effect) according to the water contact angle for the mixed DDT/MUDA
SAMs.

Wavelength of UV light 254 nm 312 nm 375 nm

Cross section (in the Units of 10-21 cm?) | 322468.9 16.945.8 2.140.58

The most relevant cross section for the general effect of UV light on the DDT
molecular is presented in Figure 4.6 as a function of the wavelength. The observed
dependence can fit well by an exponential function which is quite similar to the
results from S 2p thiolate decomposition.*®
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Figure 4.6 Cross section of the UV induced modification of the DDT monolayers
(general effect) according to the water contact angle for the mixed DDT/MUDA
SAMs as a function of the wavelength. The solid line is an exponential fit to the
experimental data.
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4.2 UV promoted exchange reaction: DDT

4.2.1 Mixed DDT/C12N3 SAMs

The results of the UV light promoted exchange reaction (UVPER) for the DDT
templates were monitored by contact angle goniometry, XPS, and NEXAFS
spectroscopy. The procedure is shown in Figure 4.7 below:

N3

HE

exchange

Figure 4.7 Schematic of UVPER between the DDT matrix and C12N3 substitute.
4.2.1.1 Mixed DDT/C12N3 SAMs: Water contact angle

Advancing water contact angle and derived portion of C12N3 for the DDT/C12N3
SAMs fabricated by UVPER are presented as functions of UV dose. The portion of

C12N3 was calculated according to the Cassie law, viz. 05@ = @ +(1~Tf)cosd,

where is the contact angle of the DDT/C12N3 monolayer and 4 are the contact angles
of the reference, single-component C12N3 and DDT SAMs, respectively. The latter
values were estimated at 71<=(C12N3) and 110°(DDT). The results are shown below
in Table 4.3.

Table 4.3 The water contact angle for the mixed DDT/C12N3 SAMs and fraction of
C12N3 in these SAMs.

Dose (J/cm?) 0 025 | 05 1 2.5 5 10
Water contact angle (9 101 95 90.5 | 86.5 81 775 | 745
Fraction of C12N3 in mixed SAMs | 0.226 | 0.382 | 0.499 | 0.603 | 0.746 | 0.836 | 0.912
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According to Figure 4.8, the contact angle decreases gradually with the increasing UV
dose, manifesting the efficient exchange reaction with the extent controlled by the
dose. According to the evaluation, the portion of C12N3 in the DDT/C12N3
monolayers can be varied from ~20% to ~90% upon the dose variation from 0 to
10 J/em?. Significantly, the exchange reaction occurs to some extent even without UV
irradiation (at the given conditions), which limits to some extent the dynamical range
of UVPER and diminishes contrast of potential chemical patterns prepared by
UVPER based lithography.
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Figure 4.8 Advancing water contact angle (black squares and solid line) and portion
of C12N3 (blue circles and solid line) for the DDT/C12N3 SAMs fabricated by
UV-promoted exchange reaction. The UV dose was varied.

4.2.1.2 Mixed DDT/C12N3 SAMs: XPS

The above results were supported by the XPS data. The N 1s XPS spectra of the DDT
SAMs after the non-promoted and promoted exchange reaction with C12N3 are
shown in Figure 4.10 for several selected doses, along with the spectrum of the
single-component C12N3 monolayer taken as a reference.

Figure 4.9 Possible molecular structures of azido group.*®
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The spectrum of C12N3 exhibit characteristic emissions of the azide group at BEs of
400.7 and 404.1 eV, corresponding to the nitrogen atoms richer and poorer in
electrons within the azide group.® *® The azido group has two kinds of possible
forms exist at the same time and they always convert to each other, shown in Figure
4.9.

The spectrum agrees well with the literature data,” including the intensity relation
between the both components, and exhibits no trace of X-ray induced damage, which
IS in particular important for azide-containing systems because of their sensitivity to
ionizing radiation.®® The spectra of the films prepared by UVPER exhibit the same
structure, establishing the formation of mixed DDT/C12N3 monolayers and intact
character of the azide groups in these films. The intensity of the characteristic
emissions increases with increasing dose, in accordance with the data in Figure 4.8,
establishing once more that the portion of C12N3 in the mixed DDT/C12N3 SAMs
can be precisely controlled by UV dose. The spectra of the films prepared by
non-promoted exchange reaction (0 J/cm?) exhibit no charactestic features of the
azide group. This can be, however, related to the noisy character of these spectra
associated with the comparably low photoionization cross-section of nitrogen and the
limited time for the spectra acquisition. Consequently, a certain extent of
non-promoted exchange reaction cannot be excluded, also in view of the contact angle
data (Figure 4.8).
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Figure 4.10 a) The N 1s spectra of the C12N3 in the mixed DDT/C12N3 monolayers
irradiated by 254 nm UV light with different doses; b) the fractions of C12N3 in the
mixed SAMs calculated from the N1s XPS peak intensity and water contact angle.
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4.2.1.3 Mixed DDT/C12N3 SAMs: NEXAFS Spectroscopy

The NEXAFS data for the DDT SAMs after promoted (variable dose) exchange
reaction with C12N3 are presented in Figure 4.11, along with the spectra of the
single-component C12N3 and DDT monolayers taken as references. Two kinds of
spectra are presented, viz. the spectra acquired at an X-ray incident angle of 55°
which are exclusively representative of the electronic structure of the films and the
difference between the spectra collected under the normal (90 and grazing (209
incidence geometry which is representative of the molecular orientation in the
films.*® The C K-edge spectra of the single-component DDT SAM in Figure 4.11a
exhibit the characteristic absorption resonances of alkyl chain, viz. a most prominent
feature at 287.7 eV (1) associated frequently with predominantly Rydberg states™*
as well as two broader resonances at 293.4 eV (2) and 301.6 eV (3) related to valence,
antibonding C-C* and C-C™ orbitals, respectively. These resonances exhibit
pronounced linear dichroism, i.e. intensity dependence on X-ray incidence angle, as
evidenced by the appearance of the intense peaks at the positions of these resonances
in the difference spectra in Figure 4.11c. This suggests, as expected, a high
orientational order in the DDT monolayers, with an upright orientation of the
molecular chains as follows from the specific signs of the difference peaks in the
90<220°spectra.> The C K-edge spectra of the single-component C12N3 SAMs and
the monolayers prepared by UVPER exhibit the same absorption structure (Figure
4.11a), corresponding to the aliphatic backbone. The 90<20<spectra of these films
exhibit pronounced linear dichroism, with the similar signs of the difference peaks as
for DDT/Au (Figure 4.11c). This suggests that (i) azide substitution does not result in
significant disordering of the resulting AT monolayers and (ii) the molecular order is
persistent upon the mixture of DDT and C12N3. Note, however, that the lower
intensities of the difference peaks in the spectra of C12N3 and DDT/C12N3 SAMs
suggest a low extent of the orientational order in these systems as compared to
DDT/Au. This is expectable since an w-substitution usually has such an effect
(C12N3/Au) and the mixing can be associated with a certain degree of disorder
(DDT/C12N3 SAMs).> Quantitative evaluation of the C K-edge NEXAFS data
within the standard procedure,'® % relying on the intensity of the R* resonance,
gives average tilt angles of the alkyl backbones of 34< 37< 40< and 37 <for DDT/Au,
C12N3/Au and DDT/C12N3 SAMs prepared at 5 and 10 J/cm?, respectively (with a
standard accuracy of such an evaluation, #3). The former value is very close to the
literature one'® 1 while the latter values are only slightly higher supporting the
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above conclusion regarding a minor effect of the azide substitution on the molecular
orientation and establishing that the orientational order of the DDT/C12N3 SAMs is
close to that of C12N3/Au.
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Figure 4.11 C (a,c) and N (b,d) K-edge NEXAFS spectra of the DDT SAMs after
promoted (variable dose) exchange reaction with C12N3 (Figure 4.4), along with the
spectra of the single-component C12N3 and DDT monolayers taken as references
(bottom curves). The doses are marked at the spectra. Two kinds of spectra are
presented, viz. the spectra acquired at an X-ray incident angle of 55°(a,b), and the
difference between the spectra collected under the normal (909 and grazing (209
incidence geometry (c,d). Individual absorption resonances are marked by numbers
(see text for the assignments).

The N K-edge spectra of the single-component C12N3 SAM in Figure 4.11c exhibit
the characteristic absorption resonances of the azide group at photon energies of
399.7 eV (1), 400.9 eV (2), 402.6 eV (3) and 404.0 eV (4). Both the positions of these
resonances and their relative intensities agree well with the previous work. The two
former resonances (1 and 2) are associated with the terminal nitrogen atoms of the
azide group and correspond to electron transition from the N 1s state to two different
n* orbitals.’® The two latter resonances (3 and 4) are related to the positively
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charged, middle nitrogen atom of the azide group and correspond to electron
transition from the respective N 1s state to two different 7* orbitals.’®®  Similar to the
C K-edge case, the N K-edge spectra of C12N3/Au exhibit pronounced linear
dichroism (Figure 4.11d), suggesting that the azide groups at the SAM-ambient
interface are well ordered. The positive sign of the ©* difference peaks in the 9020°
spectrum of C12N3/Au suggests an upright orientation of the azide groups, in view of
the perpendicular orientation of the ©* orbitals with respect to the group backbone.

The N K-edge spectra of the films prepared by UVPER in Figure 4.11b mimic the
absorption structure of the C12N3/Au case, establishing, in agreement with the
contact angle and XPS data, the formation of mixed DDT/C12N3 monolayers and
intact character of the azide groups in these films. The intensity of the characteristic
absorption features increases with increasing dose, in accordance with the contact
angle and XPS data, establishing once more that the portion of C12N3 in the mixed
DDT/C12N3 SAMs can be precisely controlled by UV dose. The 90220°N K-edge
spectra of these films exhibit pronounced linear dichroism, with the similar signs of
the difference peaks as for C12N3/Au (Figure 4.11d). This suggests, in agreement
with the C-Kedge data that (i) azide substitution does not result in disordering of the
resulting AT monolayers and (ii) the molecular order is persistent upon the mixture of
DDT and C12N3. Note that in the given case, the lower intensities of the difference
peaks in the 90<220°spectra of the DDT/C12N3 SAMs do not necessary suggest a
lower extent of the orientational order in these systems as compared to DDT/Au, since
these intensities should be "normalized” to those in the 55<spectra (Figure 4.11b).
Consequently, the orientational order of the azide groups in the single-component
C12N3 SAMs and mixed DDT/C12N3 monolayers is presumably similar.
Quantitative evaluation of the N K-edge NEXAFS data within the standard procedure,
relying on the intensity of the ©* resonances, gives average tilt angles of the azide
backbones of 22< 24< and 24<=for C12N3/Au and DDT/C12N3 SAMs prepared at 5
and 10J/cm?, respectively (with a standard accuracy of such an evaluation, #39. So, it
seems the azide groups are only slightly inclined and well-ordered. Also, the values
support the conclusion that the orientational order of the DDT/C12N3 SAMs is close
to that of C12N3/Au.

Note that the results of the numerical evaluation of the N 1s XPS and N K-edge
NEXAFS spectra of the mixed DDT/C12N3 monolayers prepared by UVPER in
terms of the signal intensity, taking the spectra of C12N3/Au as the references, agree
well with the results of the contact angle measurements (Figure 4.8). In particular, the
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portion of C12N3 in the DDT/C12N3 films were estimated at 80% by XPS and 93%
by the NEXAFS spectroscopy at a dose of 10 J/cm?.

4.2.2 Click reactions of the mixed DDT/C12N3 SAMs
4.2.2.1 Mixed SAMs after the click reaction: XPS

Compared with pristine DDT, after exchange and click reaction, the clicked SAMs
have obvious differences in components, which can be seen easily from XPS spectra.
From Figure 4.12a we can see, at binding energy is ~285.3 eV, the peak corresponding
to C atom in the benzene increases gradually, and because DDT and C12N3 have
almost same amount of alkyl-C, so the C peak at 284.5 eV doesn’t decrease too much.
According to the area of two peaks, | got the ratio of I(C=C/C-C). These ratios can fit
exponential curve very well and they approach to the ratio 0.89, which is the ratio of
C12N3 clicked SAMs.
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Figure 4.12 a) C 1s XPS spectra acquired after the click reaction between EFB and
the mixed DDT/C12N3 SAMs irradiated by 254 nm UV of different doses; b) the
normalized 1(C=C)/I(C-C) ratio plotted as a function of UV dose.

The next step of the experimental procedure for the DDT template was the click
reaction with EFB. The results of this step were monitored by XPS. The N 1s (a) and
F 1s (b) XPS spectra acquired after this step are presented in Figures 4.13a and 4.13b,
respectively, including the data for both DDT/C12N3 SAMs and reference C12N3
monolayers.® The presence of the EFB-characteristic F 1s emission in the spectra of
all samples (Figure 4.13b) establishes an efficient click reaction. Significantly, the
character of the N 1s spectra changed completely as compared to the situation before
the click reaction: instead of two emissions at BEs of 400.7 and 404.1 eV (Figure
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4.10a), there is only one emission at a BE of 400.1 eV (Figure 4.13a). Consequently,
the yield of the click reaction should be close to 100%. According to this assumption,
the dependence intensities of the N 1s and F 1s intensities on UV dose after the click
reaction in Figure 4.13c mimics the curve for the portion of C12N3 before the click
reaction in Figure 4.8. The data in Figure 4.13c are one more evidence that the mixed
DDT/C12N3 SAMs can be prepared successfully by UVPER, in a broad range of
compositions precisely controlled by UV dose, along with the finding that these
mixed SAMs are highly efficient with respect to the click reaction, similar to the
one-component C12N3 monolayer.
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Figure 4.13 N 1s (a) and F 1s (b) XPS spectra of the DDT SAMs after the click
reaction with EFB following the exchange reaction with C12N3 (variable dose), along
with the analogous spectra for the single-component C12N3 monolayer taken as
references (bottom curves). The doses applied upon UVPER are marked at the spectra.
(c) Portion of EFB derived from the N 1s data (blue circles and solid line) and the F
1s data (red squares and solid line) as function of UV dose.

4.2.2.2 Effect of exchange time: XPS

38



Results and discussion

To study the relationship between exchange time and extent of exchange, | put
pristine DDT SAMs into 1mmol C12N3 solution for various time, then do the click
reaction to get a relationship curve in Figure 4.14a.

Intensity (a.u.)
Fraction of C12N3

0.0 L . 1 . 1 . 1
0 1 2 3

exchange time (h)

696 692 688 684 680
Binding energy (eV)

Figure 4.14 a) F 1s XPS spectra of the DDT/C12N3 SAMs after the click reaction
with EFB; (b) Fraction of C12N3 derived from the F 1s XPS data as a function of
exchange time.

We can see that when t=0 h, which means with no irradiation and no exchange but put
it in click solution, there is still a little F 1s signal. It can be explained that the
substrate absorb some click solution, because XPS is very sensitive to fluorine, the
amount of fluorine on the substrate is very little. The sensitive is also the reason why |
use F 1s as a characterization. From 0 h to 3 h, the portion of clicked C12N3 in mixed
SAMs increase from ~0.05 to ~0.21. At 2h, the portion is 0.17, similar to our rest
results, such as XPS and contact angle. That is why | choose 2 h as exchange time.

4.2.2.3 Thickness measurements: Ellipsometry

The thickness of the mixed SAMs is just several nanometers and it is hard to measure,
so | use ellipsometry to character the slight changes. In Figure 4.15, | can see that
from 0 J/cm? to 12.5 J/cm?, the thickness increases from 1.8 nm to 2.4 nm. When the
dose is lower, less molecular with a big tail group are formed. Upon the development
step, each local dose was transformed in the respective density of the C12N3-clicked
moieties. This density, in its turn, was transformed in the local height of the SAMs,
that means this is a good method to get a a complex gradient-like pattern.
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Figure 4.15 Thickness of the mixed DDT/C12N3 SAMs after the click reaction with
EFB plotted as a function of UV dose.

As it is shown in Figure 4.16, more density can make SAMs better-ordered, which
can result in higher SAMs.
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Figure 4.16 A schematic cartoon of well-ordered and strongly disordered SAMs after
the click reaction.
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4.3 UV promoted exchange reaction: EGn SAMs

As | studied in the previous part, UV is a convenient and reasonable method to form
mixed SAMs with specific function. For this reason, | explored another kinds of
mixed SAMs to satisfy the requirements in different fields.

4.3.1 Mixed EGn/C12N3 SAMs
4.3.1.1 Mixed SAMs: XPS

As shown in Figure 4.17, compare pristine EG3 and EG6, peak at 284.6 eV (C-C) and
peak at 286.3 eV (C-O) have big differences at intensity. Because there are just 3
-(CH2CH20)- groups in in EG3 molecular and in EG6 there are six -(CH2CH20)-
groups but the alkyl-chain part are almost same. So the ratio of 1(C-O/C-C) are very
different at the beginning. We can see from Figure 4.17c, 1(C-O/C-C) of EG3 and
EG6 are 1.88 and 0.76, respectively. With the dose increasing, the ratio decreases,
which means part of EGn molecular C-O bond was damaged.
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Figure 4.17 a,b) C 1s XPS spectra of the mixed EG3/C12N3 and EG6/C12N3 SAMs
prepared by UVPER with different UV doses. The spectra of homogeneous EG3, EG6
and C12N3 SAMs are given as references, c) the 1(C-O)/I(C-C) ratios in the mixed
EGn/C12N3 SAMs plotted as functions of UV dose.

In Figure 4.18, O 1s and N 1s XPS spectra are shown, according to the change of the
intensity, | got a graph that portion of EGn molecular in the mixed SAMs.
According to the N 1s spectra, I can conclude that C12N3 are more hardly to
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exchange with EG6 rather than EG3; according to the O 1s spectra, we can see that
EG group in EG6 are easier to damage than EG3.
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Figure 4.18 N 1s (a,b) and O 1s (c,d) spectra of the mixed EG3/C12N3 and
EG6/C12N3 SAMs prepared by UVPER with different UV doses. The spectra of
homogeneous EG3, EG6 and C12N3 SAMs are given as references. Portion of
C12N3 in the mixed EGn/C12N3 SAMs derived from the (e) N 1s and (f) O 1s data
as functions of UV dose.

4.3.1.2 Mixed SAMs: water contact angle

| measured water contact angle of mixed SAMs (C12N3 and EGn). The contact angle
of pristine EG3 and EG6 are 38<and 34 respectively.'®® '® The contact angle of
C12N3is 71< Due to the equation:

cosa = f,+(1— f)cosé,

In this function, a is contact angle of mixed SAMs, 6 is contact angle of C12N3, 6, is
contact angle of EGn, f is portion of C12N3 in mixed SAMs. According to this
function, I can get portion of C12N3 in mixed SAMs as shown in Figure 4.19a. In this
Figure 4.19b, we can see C12N3 is easier to exchange with EG3 than EG6. The
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portion of C12N3 in C12N3/EG3 is from 0.15 to 0.61, which is very similar with the
results of N 1s (from 0.1 to 0.7). The portion of C12N3 in C12N3/EG3 is from 0.09 to
0.41 and the results of N 1s is from 0 to 0.4 which maybe because that the N 1s is not
very sensitive in XPS spectra.
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Figure 4.19 a) Water contact angles for the mixed EGn/C12N3 monolayers prepared
by UVPER as functions of UV dose; b) The portions of C12N3 in the mixed SAMs
plotted as functions of UV dose according to the water contact angle data.

4.3.1.3 Mixed SAMs: NEXAFS spectroscopy

Complementary information about the mixed C12N3/EG6 SAMs was obtained by
NEXAFS spectroscopy. This technique samples the electronic structure of the
unoccupied molecular orbitals and, in this regard, is especially sensitive to the
chemical composition of the samples. In addition, NEXAFS spectra acquired in the
partial electron yield (PEY) acquisition mode are much less affected by the
self-attenuation of the electron signal than the analogous XPS spectra, since the PEY
signal is comprised not only of the elastic Auger electrons but from the inelastic
secondary electrons as well.

These spectra were acquired at so-called “magic angle” of X-ray incidence (55 and
are therefore exclusively representative of the electronic structure of the samples,
without admixture of any effects related to molecular orientation. N K-edge spectra
(559 of the one-component C12N3 and EG6 monolayers as well as mixed
C12N3/EG6 films prepared by UVPER (375 nm) are presented in Figure 4.20. The
spectrum of the EG6 SAMs does not exhibit any features, in accordance with the
chemical composition of this compound. As | said before, the two distinct ©* bonds at
higher energy are related to electron transitions from the N 1s orbital of the positively
charged nitrogen atom into two different n* orbitals (402.5 eV and 403.9 eV). The

43



Results and discussion

two distinct ©* bonds at lower energy are related to the two nitrogen atoms (N1 and
N3) adjacent to N2.
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Figure 4.20 N K-edge NEXAFS spectra of the C12N3 SAMs. Two kinds of spectra
are presented, viz. the spectra acquired at X-ray incident angles of 55< and the
difference between the spectra collected under the normal (90 and grazing (209
incidence geometry.

These resonances exhibit characteristic intensity relation, with the former feature
being significantly stronger. The spectra of the mixed C12N3/EG6 SAMs mimic that
of the C12N3 monolayer exhibiting the same pattern of the absorption resonances.
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Figure 4.21 a) 55°N K-edge NEXAFS spectra of the pristine EG6 and C12N3 films,
EG6 monolayers after the non-promoted (0 J/cm?) and promoted (137, 274, 411 J/cm?)
exchange reaction with C12N3, b) the portion of C12N3 in the mixed C12N3/EG6
SAMs plotted as a function of UV dose.
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This is additional evidence that the electronic structure of the C12N3 moieties was not
disturbed upon their imbedding into the EG6 matrix. Also, the spectral weight of
C12N3 decreases with decreased UV dose in accordance with the expectations and all
the above data. When the dose is 411 J/cm?, we can see from Figure 4.21, the portion
of C12N3 in mixed SAMs is about 43%, which is also accordance with the results
before.

4.3.2 Click reaction of mixed EGn/C12N3 SAMs
4.3.2.1 Free-catalyst click reaction of mixed SAMs: XPS

According to the study in previous expeiriment, we can see the XPS of N 1s, after
click reaction, two typical N 1s peak at 400.8 eV and 404.4 eV which belong to azido
group disappear and there is a new N 1s peak at ~400.0 eV which is related to
aromatic nitrogen. So | use this single peak to characterize whether the click reaction
happen totally and how much EGn molecular was exchanged by C12N3.** From
Figure 4.22, we can see that there is just one single peak, which means the click
reaction happened totally.
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Figure 4.22 N 1s XPS spectra of the mixed EG3/C12N3 (a) and EG6/C12N3 (b)
SAMs prepared by UVPER, after the free-catalyst click reaction with BPA.
Irradiation doses are given at the respective spectra.

According to the intensity, | plot a curve shown in Figure 4.23 that portion of EGn
click SAMs in the mixed SAMs against irradiation dose. Same to previous research,
percentage of EG3 clicked molecular in mixed SAMs is still larger than EG6. The
range of EG3 is around 13%~55%, and the range of EG6 is 6%~50%. This result has
similar tendency to results before and can be regard as a reference.
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Figure 4.23 Portions of C12N3 in the mixed EG3/C12N3 (black curve) and
EG6/C12N3 (red curve) SAMs prepared by UVPER and clicked with DBPB
according to the N1s XPS data plotted as functions of UV dose.
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4.3.2.2 Catalyst click reaction of mixed SAMs: XPS

As | studied in the previous experiment, we can see there is also the N 1s peak, after
click reaction, at ~400.0 eV which is related to aromatic nitrogen appearing. So | use
this single peak to characterize whether the click reaction happen totally and how
much EGn molecular was exchanged by C12N3. From Figure 4.24, we can see there
is just one single peak, which means the click reaction happened totally.
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Figure 4.24 N 1s XPS spectra of a) EG3/C12N3 and b) EG6/C12N3 mixed SAMs
prepared by UVPER after the catalyst-mediated click reaction with DPBP. UV doses
are marked at the respective spectra.
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Figure 4.25 Portions of C12N3 in the mixed EG3/C12N3 (black curve) and
EG6/C12N3 (red curve) SAMs prepared by UVPER and clicked with BPA according
to the N1s XPS data plotted as functions of UV dose.

According to the intensity, | plotted a curve shown in Figure 4.25 that portion of EGn
click SAMs in the mixed SAMs against irradiation dose. Same to before, percentage
of EG3 clicked molecular in mixed SAMs is still larger than EG6. The range of EG3
is around 20%~57%, and the range of EG6 is 0~52%. This result is just an estimation
but can not be regard as a accurate reference.

4.3.3 Specific protein adsorption
4.3.3.1 Protein adsorption on free-catalyst clicked SAMs: XPS

In our experiment, avidin and BSA are used as specific and non-specific,
respectively.'>***  Because avidin and BSA have similar N content, | compared the
N 1s of different situations, which shown in Figure 4.26. Firstly, DDT SAMs were
immersed substrate into BSA and avidin of same concentration. We can see that when
same amount protein absorbed on DDT surface, the content of N 1s in the avidin
molecular is a little more than BSA.*° 1™ Secondly | compared pure C12N3 clicked
molecular and after putting it into BSA and avidin. | can see that after putting into
BSA, the N 1s peak intensity don’t have a obvious increase, but after putting into
avidin, the N 1s peak have a significant increase. That shows a very obvious specific.
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Figure 4.26 N 1s XPS spectra of pristine (DDT) and DPBP-functionalized SAMs
before and after their immersion into avidin and BSA solutions. The spectrum of the

pristine C12N3 SAM after the click reaction with DPBP is given as well.

Following this reaction, | did a series of experiments to compare EG3 and EG6

immersing into BSA and avidin. The results are shown in Figure 4.27.
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Figure 4.27 N 1s XPS spectra of DPBP functionalized a) EG3/C12N3 SAMs after
immersion into avidin, b) EG3/C12N3 SAMs after immersion into BSA, c)
EG6/C12N3 SAMs after immersion into avidin, d) EG6/C12N3 SAMs after
immersion into BSA, e) relative intensity normalized to C12N3 that for the
DPBP-functionalized, one-component SAMs immersed into avidin plotted as a

function of UV dose.
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Using C12N3 clicked SAMs immersed avidin as a reference, | plotted the ratio of the
different samples intensity to C12N3 clicked SAMs into avidin. We can see that the
intensity of these samples immersing to avidin are much larger than BSA, both EG3
and EG6 can resist protein well; the peak intensity of EG3 immersing into avidin are a
little larger than EG6, which is also very correspond to the results before. But when
the dose is 0 J/cm?, there is about 10% protein adsorption on the EG3 SAM, but EG6
SAM do not absorb obvious protein.

4.3.3.2 Protein adsorption on free-catalyst clicked SAMs: NEXAFS spectroscopy

The procedure of EG6 SAMs irradiated and exchange with C12N3 and click reaction
and immerse into protein is shown in Figure 4.28. In Figure 4.28, | can calculate the
percentage of C12N3 in mixed SAMs after exchange reaction according to the
intensity of typical N K-edge 55<peak. We can also see the N K-edge photon energy
changed after click reaction, the peak become to one single peak and after put into
BSA, there is no obvious increase at intensity, but after immersing in avidin, the
intensity increases significantly.

NEXAFS: 411 J/cm*+DPBP+avidin
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Figure 4.28 N K-edge 55°NEXAFS spectra of the EG6 SAMs before and after UV
irradiation, free-catalyst click reaction with DPBP, and exposure to BSA and avidin.

4.3.3.3 Protein adsorption on free-catalyst clicked SAMs: lithography

In this part, | design a series of pattern to study the protein adsorption application.™
The pattern is shown below:
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Figure 4.29 General design of the protein adsorption patterns.

Firstly, I use series 1 to do the research. Comparing a and b, we can see that avidin is
much clearer than BSA, that is a good proof of specific protein adsorption; comparing
aand ¢, we can see that EG6 is clearer than EG3, this is because EG3 at 0 J/cm? have
more adsorption, which is maybe the main reason for clear pattern.

Figure 4.30 Protein patterns prepared by a combination of UVPER lithography and
free-catalyst click reaction (series 1), a) EG6/C12N3-biotin template, exposure to
avidin, b) EG6/C12N3-biotin template, exposure to BSA, c) EG3/C12N3-biotin
template, exposure to avidin, d) EG3/C12N3-biotin template, exposure to BSA.

Because the pattern is not clear enough, | use larger dose (series 2) to get new pattern.
In series 2, with higher dose, pattern are much more clearer but BSA also have much
adsorption. Comparing 4.31a and 4.31c, we can see that EG6 is also clearer than EG3,
this is because of the same reason that EG3 at 0 J/cm? have more adsorption.
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Figure 4.31 Protein patterns prepared by a combination of UVPER lithography and
free-catalyst click reaction (series 2), a) EG6/C12N3-biotin template, exposure to
avidin, b) EG6/C12N3-biotin template, exposure to BSA, c¢) EG3/C12N3-biotin
template, exposure to avidin, d) EG3/C12N3-biotin template, exposure to BSA.

Maybe in BPA molecular, because of non-specific adsorption, the cyclo-alkynyl part
with phenyl group can absorb more protein, and have more steric hindrance. For this
reason, | used another molecular DBPB, with same alkynyl group as before. It can
more easy to click, but need Cu™ as catalyst.

4.3.3.4 Protein adsorption on catalyst clicked SAMs: XPS

In this part, I just compare catalyst clicked mixed EGn/C12N3 SAMs immersing into
BSA and avidin (0 J and 411 J/cm?). In Figure 4.32, we can know that when the dose
is 0 J/cm?, the intensity of N 1s peak of BSA and avidin are almost same and stay at a
very low level; when the dose is 411 J/cm?, the sample in BSA do not have a obvious
increase but the peak of sample in avidin increases much more than BSA.
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Figure 4.32 N 1s XPS spectra of the mixed EGn/C12N3 SAMs after the click
reaction with BPA and exposure to BSA and avidin (UVPER with 0 J/cm? and 411
Jlecm?).

4.3.3.5 Protein adsorption on catalyst clicked SAMs: lithography

Firstly, I use series 1 to do the research. Comparing a and b, we can see that avidin is
much clearer than BSA, that is a good proof of specific protein adsorption; comparing
aand ¢, we can see that EG6 is clearer than EG3, this is because EG3 at 0 J/cm? have
more adsorption, which is maybe the main reason for clear pattern.

Figure 4.33 Protein patterns prepared by a combination of UVPER lithography and
catalyst click reaction (series 1), a) EG6/C12N3-biotin template, exposure to avidin, b)
EG6/C12N3-biotin template, exposure to BSA, c¢) EG3/C12N3-biotin template,
exposure to avidin, d) EG3/C12N3-biotin template, exposure to BSA.
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Comparing free-catalyst protein adsorption, the packing density of catalyst is more.
For this reason, the specific protein adsorption can be conducted very well. Because
the pattern is not clear enough, we use larger dose (series 2) to get new pattern.

In series 2, with higher dose, pattern are much more clearer but BSA also have much
adsorption. Comparing e and g, we can see that EG6 is also clearer than EG3, this is
because of the same reason that EG3 at 0 J/cm?® have more adsorption.

Figure 4.34 Protein patterns prepared by a combination of UVPER lithography and
catalyst click reaction (series 2), a) EG6/C12N3-biotin template, exposure to avidin, b)
EG6/C12N3-biotin template, exposure to BSA, c¢) EG3/C12N3-biotin template,
exposure to avidin, d) EG3/C12N3-biotin template, exposure to BSA.
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4.4 Modification of PEG nanomembranes by UV light

Specifically designed macromolecular membranes have potentials for biomedical and
biological research as well as for various of practical applications such as medical
diagnostics, sensor fabrication and therapy. Poly(ethylene glycols) (PEGs), which
belong to biocompatible hydrogel membranes, have attracted more and more attention
106122 jncluding non-fouling
behaviour, biocompatibility, non-toxicity, transparency and high optical quality. PEGs

for the flexibility and many potentially properties

have various of possible applications, such as design of fabrication of model
immunoprotective barriers for cell research,® *?* optical sensors,™® preparation of
biofunctionalized microchannels for dynamic cell adhesion studies,™®
controlled release of drugs, and protein affinity experiments. 1% 109 116122

storage and

Because of degree of cross-linking, PEG membranes can adsorb a significant amounts
of water, which is mainly because of its spongy swelling.® Above all the
biocompatibility, PEG membrane can be transferred to a particular object as far as it
can be stably prepared. Such stably membrane can be fabricated by immobilizing
PEG chains chemically on the substrate. On the other hand, one can use surface
initiated polymerization (SIP) which regarded as “grafting-from” method to prepare
reasonably dense PEG membranes of variable thickness.*®* *?* In this part, | present
a relatively simple, novel and versatile method to prepare biocompatible PEG
membranes on Au substrates. The main method is to mix two complementary
components and polymerize spontaneously at a properly temperature. The
functionalized STAR-branched PEGs | used are shown in Figure 7.1. This design can
guarantee a high cross-linking degree, for this reason, the films remained stable on
arbitrary, non-functionalized, substrates even after ultrasonication, and in future they

have potential to process into free-standing membranes.'?®

M. Zharnikov’s group have studied the modification of PEG membranes with electron
irradiation and the effects on the wetting properties, chemical composition, the
swelling behavior and protein-repelling properties of the PEG films are analyzed in
detail. They demonstrated that electron irradiation can result in significant chemical
modification and partial desorption of the PEG material. In our experiment, 254 nm
UV light instead of electron irradiation is used as an irradiation method, chemical
composition and swelling behavior are studied in our research.
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Figure 4.35 Fabrication of the PEG membranes and their subsequent modification.
4.4.1 UV irradiated membranes: XPS

Firstly, 1 use a lower flux of 0.5 mW/cm?, and irradiated the PEG membrane for
various of time ranging from 0 h to 8 h. The results are shown below:
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Figure 4.36 Au 4f (a), C 1s (b), O 1s (c) XPS spectra of pristine and UV irradiated
PEG membranes. The UV doses are marked at the respective spectra. The UV flux
was 0.5 mW/cm?.
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In the Figure 4.36a, we can see that Au signal intensity increases with dose increasing,

but the increase is not too rapid. That means there is material loss because of the UV

irradiation. According to the equation:*#**

| = Iwexp(- 7 j
cosd (10)

when the thickness of membrane d decreased, the intensity of Au signal increased. For
this reason, | can get a relationship between thickness and intensity. In Figure 4.36b,
the C 1s spectra, from 0 J/cm?to 7.2 J/cm?, does not have obvious change and only at
higher binding energy 289.25 eV, there is a very little peak appearing, which
represents oxidized C atoms. But when the dose is 14,4 J/cm?, the peak at 289.25 eV
become larger, and the peak at 286.6 eV which means C atoms in the EGn group
decreased, so | can say that UV irradiation can damage the whole EGn parts. When
the thickness is rather small, the gold substrate maybe have effect on the signal
change. The results of oxygen can correspond to the C 1s results.

Next | increase the flux to 2 mW/cm?, and irradiated time also ranged fromOhto 8
h. The results are shown in Figure 4.37:
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Figure 4.37 Au 4f (a), C 1s (b), O 1s (c) XPS spectra of pristine and UV irradiated
PEG membranes. The UV doses are marked at the respective spectra. The UV flux
was 2 mW/cm?.

In the Figure 4.37a, we can see that the dose range from 0 J/cm? to 57.6 J/cm?®. Au
signal intensity increases much more, which can well relate to the irradiation dose.
When the total dose is more, the thickness decrease more. In Figure 4.37b, when the
dose increase to 14.4 Jlcm?, the C 1s does not have much difference, which is not
same to before results, but when the dose increase to 57.6 J/cm?, the spectra have the
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similar situation as 14.4 J/cm?® (0.5 mW/cm?), which is also 8 h irradiation. This
results can be explain that the change of component can be effect by either dose or
irradiation time. The UV light can just damage the whole EGn part but can not reduce
the -C-O- to -C-C- group, which is very different from the E-beam irradiation. The
E-beam irradiation can reduce the C 1s peak at 286.5 eV to 284.6 eV, which
represents the -C-C- group. The results of O 1s is also similar to before.*?

| use blank membrane intensity as a reference to plot C 1s, O 1s, Au 4f intensity
shown in Figure 4.38.
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Figure 4.38 Intensities of the specific peaks in the C 1s and O 1s XPS spectra of
irradiated PEG membranes as compared to the pristine ones. The flux of UV light was
kept at either 0.5 mW/cm? (a) or 2 mW/cm? (b).

From Figure 4.38 we can see that in each flux the intensity of C 1s and O 1s decrease
at a similar speed. Comparing the two kinds of flux, when the dose was 14.4 J/cm?,
the portion of 0.5 mW/cm?was around 0.6, and the portion of 2 mW/cm? was about
0.88. When the irradiation time is 8 h, the portion of 0.5 mW/cm?is around 0.6, and
the portion of 2 mW/cm? is about 0.4. From this result, | can conclude that both

irradiation flux and irradiation time have effect on the damage.'** **°

From the Au XPS signal shown in Figure 4.39, we can see in the two kinds of flux,
with the dose increasing, the intensity increase with a similar speed. The relationship

between relatively ratio and dose is almost a exponential fitting.*?’
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Figure 4.39 Intensity of the Au 4f XPS signal for UV irradiated PEG membranes
comparing to the pristine membranes plotted as a function of UV dose. The flux of

UV light was kept at either 0.5 mW/cm? (square, black line) or 2 mW/cm? (circle, red
line), respectively.

In the end, | repeat this experiment with a higher flux, 3 mW/cm? the results are
shown in Figure 4.40. With the dose increasing, the main peak representing the C
atoms in EGn group, and there is no obvious increase of C atoms in C-C group, but
peak of oxidized C atoms at 289.1 eV has a clearer increase. All of these results can
fit our expect very well. 1 also plotted a curve of intensity against irradiation dose, the
main peak intensity decrease gradually.
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Figure 4.40 a) C1s XPS spectra of the pristine and UV irradiated PEG membranes at
different doses, b) Normalized intensity of the Cls XPS peak at 286.4 eV as a
function of UV dose.
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4.4.2 Swelling properties of UV irradiated membranes: Ellipsometry

i used two kinds of methods to character the swelling properties. Firstly, 1 use a
special holder with a cover, N gas get trough water and blow into the holder from one
side and out from the other side. By controlling the blowing speed of N, | can control
the humidity on the PEG surface. Because of the limitation of the set up, the humidity
can just range from 5% to 80%. For this reason, the swelling ratio equals thickness
(80%)/thickness (5%), it is conducted in room temperature. Secondly, | put the
substrate on a peltier plate without a cover, so I can control the swelling properties by
controlling the temperature of the substrate. When the temperature decreased to 13 <C,
there are many water drops appearing on the surface, so | can consider that at that
time, the humidity on the surface is 100%, and when the temperature is above 30 <C,
the thickness has almost no decrease. In this situation, the swelling ratio equals
thickness (13 <C)/thickness (30 <C).

4.4.2.1 Swelling properties at humidity variation

When using the wetting N, to change the humidity on the surface, the thickness is
measured by ellipsometry setup. The results are shown in Figure 4.41.
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Figure 4.41 Thickness of the pristine and UV treated PEG membranes as a function
of relative humidity.

Because of the limitation of the system, the error bar is a little bit larger, but the error
is stable, so it can be used. When the humidity is below 40%, the thickness did not
change very much; with the humidity increasing, the thickness have a rapid increase.
For example, in the blank membrane, the thickness range from 24 nm to 31 nm. If the
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humidity can reach 100%, the thickness can have a little increase, but from the
tendency of the curve, the increase will be not large. Using the equation | showed
before:

Swelling ratio= thickness (80%)/thickness (5%)  (11)

| got a curve of swelling ratio against UV dose, in this graph, we can see that when
the dose is below 28.8 J/cm? the swelling ratio stay almost at the same level, about 1.3,
but this results is a little lower than other people’s research. This is mainly because |
can not make sure the humidity on the surface is same to the wetting N, and can not
reach the 100% humidity, but it can be considered as a reference. In Figure 4.42b, |
plotted at room humidity (45%), the thickness against UV dose. This curve looks like
almost a straight line, which means there is just a degradation of PEG membrane but
chemical change of the composition inside.

1.6 26
s @ b
S 0 ‘Tt
S 14 <
o I )
e —= o
| S22t
212t S
% - e
=11} =
o 20 |-
10 | IS TR NN NN R R | I | T R T N 1 o |
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Dose (J/cm?) Dose (J/cm?)

Figure 4.42 a) Swelling ratio of the membranes calculated from the data in Figure
4.41, b) thickness of irradiated membranes at the ambient humidity (45%) as a
function of UV dose.

4.4.2.2 Swelling properties at temperature variation

Because of the limitation of last method, I use the second method to character the
swelling properties. | used peltier plate to change the temperature. The data are
presented below:
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Figure 4.43 Thickness of the pristine and UV-treated (different doses) PEG
membranes as a function of temperature.

When the temperature is above 25 <C, the thickness did not change significantly; with
the temperature decreasing, the thickness has a rapid increase. For example, in the
blank membrane, the thickness ranges from 37 nm (25 <C) to 31 nm (15 <C). When
the temperature decreased to 13 <C, there is water appearing on the surface, tat means
the humidity is 100% on the surface but at that time, it is very hard to measure the
thickness because of the effect of water. I can just measure thickness at 15 <C, and use
the plots to linear a exponential curve, and then | can calculate the thickness at 13 <C.
So | used this equation:

Swelling ratio= thickness (13 <C)/thickness (30 C)  (12)

to get a curve of swelling ratio against UV dose, in this graph, we can see that when
the dose is below 28.8 J/cm? the swelling ratio also stay at the same level, but this
time the ratio is larger, ~2.0, which is better fit other people’s research. When the dose
is increasing to 57.6 J/cm?, the ratio jumped to 2.3, which can be explained that when
the thickness is small enough, the swelling properties should have some change not
main because the structure and component inside the film but the huge change of
thickness. In Figure 4.44b, 1 plotted the thickness against UV dose at room
temperature (22.5 <C). This curve looks also like a straight line, which means there is
just a degradation of PEG membrane but chemical change of the composition inside.
The thickness have a significant decrease ranged from 38 nm to 14 nm.
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Figure 4.44 a) Swelling ratio of the PEG membranes calculated from the data in
Figure 4.43, b) thickness of the UV irradiated membranes at room temperature as a
function of UV dose.

The swelling experiments at humidity variation deliver partly different results in
terms of the absolute value of the swelling ratio. | think however that the results of the
temperatures experiment are more reliable since they agree better with the previous

results of our group.®* 12819

4.4.3 UV patterning of PEG membrane

In this part, | put a copper grid (grid size 1000 mesh % 25 um pitch), which is shown
as Figure 4.45, on the well-prepared PEG membrane. The flux is about 4 mW/cm?
and the dose is 57.6 J/cm?.

Figure 4.45 Copper grid used for UV patterning.

In the AFM setup, patterned surface under the camera is shown in Figure 4.46a. The
pattern is big and clear enough to be seen with eyes. The horizontal line looks lighter
and the vertical line is clearer. That maybe because there is a little difference in every
copper grid but it will not have any effect on our results. Then the morphology of the
surface are measured, which is shown in Figure 4.46b. We can see clearly there are
several grid similar to observed with eyes. In Figure 4.46b, along the light line, |
identify the height change of pattern and the result is shown in Figure 4.46. There is
gap of about 17nm from the top to the bottom of the pattern, and this result can match
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well the results got from Figure 4.43.

Figure 4.46 a) Optical image of a patterned membrane, b) AFM image of the pattern,
c) the height profile along the white line in panel (b).
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5. Conclusions and outlook

This thesis is devoted to use of UV light for controlled modification and patterning of
organic and biological surfaces. First, | studied the effect of UV light irradiation at
three different wavelengths (254, 312, and 375 nm) on non-substituted AT (C12)
SAMs, which is of basic importance for the understanding of the respective processes.
These experiments also helped me to optimize the parameters of the UV promoted
exchange reaction (UVPER) in my subsequent studies. For this purpose, XPS and
contact angle goniometry, in combination with UVPER (a COOH-bearing substituent),
were applied. The cross-sections for both general impact of the UV light on the DDT
SAMs and photooxidation of the SAM-substrate interface were estimated and found
to decrease strongly with increasing wavelength of UV light.

Within the further studies, | investigated and demonstrated the possibility of UVPER
between the primary AT SAM templates and an azide-bearing substituent (C12N3),
capable of subsequent click reaction with ethynyl-bearing species. As primary matrix
| used either the non-substituted (C12) or OEG-substituted (EG3 and EG6) AT SAMs,
targeting mixed SAMs of chemical and biological significance. To demonstrate the
flexibility of the approach | used UV light with two different wavelengths, viz. 254
nm and 375 nm, applying it to the non-substituted and OEG-substituted AT SAMs,
respectively. Individual steps of the experimental procedure were monitored by
contact angle goniometry, XPS, and NEXAFS spectroscopy.

In all cases, | was able to vary the portion of the C12N3 moieties in the mixed
C12/C12N3 and EGn/C12N3 monolayers by selection of a suitable UV dose within
the UVPER procedure. This portion could be varied from 10-20% to 90% in the case
of the C12 template and from 0-10% to 40-70% in the cases of the EG3 and EG6
templates. The surface density of the chemically active azide groups embedded in the
non-reactive primary matrix could be varied accordingly, as demonstrated by the
subsequent click reaction between the C12/C12N3 templates and EFB as well as by
the catalyst-mediated and catalyst-free click reactions between the EGn/C12N3
templates and BPA and DBPB, respectively. The latter reactions resulted in the
preparation of templates for specific protein adsorption, comprising biotin-bearing
moieties embedded in the protein-repelling EGn matrix. The density of the biotin
receptors was varied according to the density of the C12N3 moieties in the
EGn/C12N3 films, i.e. directly controlled by the UV dose within the UVPER
procedure. The templates exhibited much higher affinity to the specific protein (avidin)
as compared to a non-specific one (BSA). The surface density of the specifically
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bound proteins could be varied in accordance with the density of the biotin receptors,
i.e. could be directly controlled by the UV dose within the UVPER procedure. The
entire approach was extended to lithography, relying on a commercial maskless UV
lithography setup. Representative gradient patterns of specifically attached proteins in
the protein-repelling EGn matrix were fabricated.

Note that the procedures described in this study are not limited to the representative
moieties (EFB, DBPB and BPA) used for the click reaction in the given case but
generally applicable to a broad variety of functional molecules bearing a suitable
group for the click reaction with azide moiety. Also, the combination of these
procedures with lithography can be performed in different fashions, relying on
particular lithographic setups. Significantly, the fabrication of both mixed SAMs and
the related lithographic patterns can be performed in a broad range of wavelengths, as
demonstrated by utilizing UV light with wavelengths of 254 and 375 nm.

Within a further closely related subproject, UV light was applied to the modification
of PEG films and membranes. These films and membranes were fabricated by
thermoactivated, intermolecular cross-linking of epoxy and amineterminated
STAR-PEGs following a procedure developed earlier in our group. As shown by the
experiments, UV irradiation on PEG films leads to significant material loss but no
noticeable composition change, so that the UV-modified membranes maintain their
hydrogel properties. This is in a drastic contrast to the case of electron irradiation
where the hydrogel character of the membranes is strongly affected by electron
irradiation. This open new possibilities for nanoengineering and lithography, resulting
in 3D patterned PEG films and membranes with the overall hydrogel character. It can
be assumed that the biorepelling properties of the PEG films and membranes are still
retained upon UV light treatment but this should be proved along with dedicated UV
lithography experiments resulting in high quality patterns.
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