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Abstract

The fabrication of fully cross-linked and chemically patterned (FCCP) monolay-
ers has been developed in this work. FCCP monolayers can be further chemically
functionalized. Chemically defined surface structures are of great practical inter-
est, as they may be used in many technologies such as molecular electronics, bio-
sensors, etc. Crosslinking enhances mechanical stability of FCCP monolayers, so
they can be released from the substrate by dissolution from their substrate or by
scission of the anchor group-substrate bonds. This results in an extremely flat, two
dimensionally extended layer which is better known as a nanosheet. A patterned
nanosheet can be transferred either onto a solid substrate such as silicone oxide or
silicone nitrate, or to a TEM grid with openings of up to tens of micrometers.

Fabrication of freestanding homogenous and patterned polymer brushes is of great
interest for both scientific studies and industrial applications. These materials may
find a broad range of applications in many surface-based technologies. We devel-
oped a new strategy in preparing freestanding homogenous and patterned polymer
brushes: a combination of electron beam chemical lithography (EBCL), 2D car-
bon-based nanosheet and self-initiated photografting-photopolymerization
(SIPGP) to obtain well defined freestanding homogenous and micro- and nano-

structured polymer brushes. This new approach offers several advantages:



1. Nanosheets are thermally and mechanically extremely stable. This will
make them a good candidate for polymerization at elevated temperatures
as well as in intense UV light.

2. EBCL as a patterning tool offers stability, flexibility, selectivity, high
throughput and superior resolution.

3. SIPGP offers a simple procedure for preparing polymer brushes. As no
SAM modification step is necessary for the preparation of surface-bonded
initiator, a tedious, tricky step in the preparation of polymer brushes can be
avoided and the polymerization process becomes simplified

With this new approach, a soft and stimuli responsive 10-300 nm thick polymer
brush layer is grafted, forming so-called “polymer carpets”. These polymer car-
pets exhibit remarkable properties (optical, wetting) combining extreme thinness,
mechanical stability, robustness, flexibility and an unprecedented chemical sensi-
tivity. Precise control of the membrane thickness as well as its mechanical and
chemical properties can be obtained by varying the monomer type and polymeri-
zation time. Moreover, polymer carpet layers buckle and unbuckle reversibly by
applying an external (chemical) stimulus. This unprecedented reversible and fast
conformational change is visible by the naked eye and can be applied in the de-
velopment of new and advanced sensors, displays and micromechanical systems.

Furthermore, freestanding patterned polymer brushes were also successfully fa-
bricated. By combining patterned FCCP nanosheets with subsequent SIPGP, high
pattern resolution of freestanding polymer layer, as well as almost-defect free on

large area of polymer layer, can be achieved.



Because of their excellent properties, both freestanding homogenous and pat-
terned polymer brushes are very promising for many applications. Freestanding
polymer layers will respond faster due to the isolation from the underlying sup-
port. This makes them excellent candidates for applications in pressure-based sen-
sors, micro- and nanoactuators, cell adhesion studies and development of micro-

electromechanical systems (MEMS).
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Introduction

1. Introduction

Surface-based technologies are to a large extent driven by the need for new func-
tional surfaces. Novel methods using both physical and chemical approaches have
been introduced in the engineering of designer surfaces and interfaces, spawning
opportunities for tailoring surface properties, addressing the needs for numerous
application areas, from biomaterials to electronics and many different types of
devices.

Self-assembled monolayers (SAMSs) have been used intensively as a route to mod-
ify and tailor surface chemistry.*¥1 However, a number of limitations of SAMSs
have now become more apparent. Due to the nature of self-assembling formation,
it is practically impossible to obtain defect free large areas. Chemical groups can
only be introduced at the surface, whereas in polymer brushes these groups can be
carried all along the polymer backbone. Finally, although SAMs can be used to
introduce almost any functional group to the surface, it is extremely difficult to
introduce reversibly-changing chemical functionalities without reverting to se-
quential chemical transformations.

To overcome these limitations, polymer brushes grown from SAMs have emerged
as an alternative way to provide a route to stable, robust, functional and switcha-
ble surfaces.>® Polymer brushes are of particular interest because these surfaces

are capable of responding to very subtle changes in the surrounding environment,



Introduction

such as solvent properties, temperature or light. The grafted polymer chains can
extend from the surface into the adjacent liquid phase. Due to the flexibility of the
grafted chains, the liquid phase can penetrate the polymer layer and molecules are
able to interact with binding partners within the layer. When external stimuli are
applied, polymer brushes response by changing their conformational morphology.
These reversible switching properties of polymer brushes can be used as both
sensing elements and active elements responsive to external stimuli.®! Polymer
brushes have also played an important role in the fabrication of micro- and nano-
structured surfaces.®% In the last few years, these surfaces have been the subject
of intense research efforts. They have been applied in various fields such as mole-
cular electronics™, microelectronics, photonics™™*, microelectromechanical
systems (MEMS)***®1 sensor technology and biology.

While numerous techniques have been developed for the preparation and fabrica-
tion of patterned SAMsI® 718191 only a few studies have been dedicated to mi-
cro- and nanostructured polymer brushes °!, and even fewer are employed for
fabrication of freestanding flexible patterned polymeric grafts. Freestanding po-
lymeric membranes have attracted great attention because they can create per-
meability and respond faster as a result of their isolation from the supporting sub-
strate. This will be suitable for applications in numerous research fields and appli-
cations such as permselective membranes®®, microelectromechanical systems
(MEMS) as sensing elements or micro- and nanoactuatorst?* 2*, displays®®*! and

nanofluidic and drug delivery systems.
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Many strategies have been developed to design freestanding polymeric mem-
branes, such as layer by layer assembly (LBL)? and the crosslinking of Lang-
muir-Blodgett®. So far, a common feature of all developed freestanding polymer
nanomembranes is the crosslinking of the polymer itself to ensure the mechanical
stability of the layer. However, for the fabrication of chemical- or bio-responsive
polymer-based nanomembranes, high degree of crosslinking naturally reduces the
interaction between the polymer chains and the environment and impairs the sen-
sitivity and flexibility of the films. New strategies need to be developed for the
fabrication of these new nanomaterials. Flat, two dimensional cross linked nano-
sheets fulfill this need. Coming to the scene is electron beam chemical lithography
(EBCL) as a powerful tool for patterning because of the selectivity, high through-
put and superior resolution that can be achieved.

Freestanding polymer brushes can be prepared by surface-initiated photografting
photopolymerization (SIPGP) from a cross linked monolayer (nanosheet). Brush-
es react faster and have a higher sensitivity towards external stimuli. Hence, soft
and stimuli-responsive freestanding polymer brushes could become the system of
choice for the development of adaptive layers as actuators and sensors.

The combination of EBCL with nanosheets, that provide excellent properties, and
SIPGP which offers a simple route for polymerization, may lead to a new tech-
nology platform in the fabrication of both freestanding homogenous and patterned
polymer brushes. Grafting polymer brushes on nanosheets and making them frees-
tanding may provide a rich platform on which to exploit and observe nanoscale

phenomena and open new perspectives in understanding polymeric systems. This
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IS an interesting possibility and also a challenging task, where interdisciplinary

knowledge in physics, chemistry and biology meet.
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2. Research Background

2.1. Grafting Polymers: An Introduction

A polymer brush is defined as an assembly of polymer chains with one end te-
thered (grafted or anchored) to a surface or interface.?”**! The brush properties
can be controlled by several parameters: grafting density (the number of polymer
chains grafted per unit area of substrate), degree of polymerization (DP), chain
length and chemical composition of the chains. Polymer brushes can have differ-
ent chemical compositions (homopolymers, mixed polymers, copolymers, etc.)
and molecular architectures (linear, cross-linked, branched, etc.). Depending on
grafting density, polymers tethered on a surface can have different physical con-
formations. When grafting density is low, the segments of individual chains do
not ‘feel’ each other and behave as single, isolated chains tethered to the surface.
The thickness of tethered chains, h, is independent of &, the grafting density of
chains on the surface. If the segments of chains weakly adsorb to the underlying
surface, the chains form random coils and are linked to the surface by a stem of
varying length. Polymer chains maintain a so called “mushroom” conformation
with thickness scales as h ~ DP ¢° (Fig. 2.1a). If the segments strongly adsorb to

the underlying surface, the polymer chains obtain a flat, “pancake” like conforma-
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tion (Fig. 2.1b). At high grafting density, the situation is completely different.
Polymer molecules become densely packed and start overlapping. The segments
of the chains become crowded. However, the chains will try to avoid overlapping
as much as possible and minimize the strong segment-segment interaction by
changing from coil to a stretching-away (“brush”-like) conformation perpendicu-

lar to the surface (Fig. 2 1c) with the thickness given by h ~ DP &'

a) b)

Figure 2.1 Artistic impression of three different physical conformations of polymers

tethered on a surface: a) “mushroom”, b) “pancake”, and ¢) brush conformation (from ref.

(8.
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The stretched-away polymer chains have molecular conformations different from
free, flexible polymer chains in solution where chains adopt a ‘random-walk’ con-
figuration. Due to the stretching of the chains which are perpendicular to the sur-
face, several new physical phenomena arise, for example autophobicity, in which

chemically identical free polymer chains do not wet their own brushes.%=4

Solvents can be either present or absent in polymer brushes. In a good solvent,
sometimes referred to as the wet state, polymer chains swell to maximize contact
with solvent molecules by avoiding each other and adopt an expanded coil or
stretched conformation. The interaction between polymer chains and solvent mo-
lecules is favorable and the loss of entropy during the chain stretching process is
compensated for by the establishment of a chemical bond that connects the poly-
mer to the surface. In this condition, the radius of gyration of a polymer, a meas-
ure of the macromolecular size, is given by Ry ~ DP*3. In a bad solvent, polymer
chains collapse to minimize contact between polymer and solvent molecules, giv-
ing the radius of gyration of polymer, Ry ~ DP' 21 In dry conditions, the poly-
mer chains collapse: this state is referred to as the collapsed chain conformation.
Steenackers et al. reported that the thickness of a polymer layer in the collapsed

state (dry thickness hg) is given by B2!:

M, o
hg = — (Eq. 1)
p Nay

M ., o, p, and Nay are the number-average molar mass, grafting density, bulk

density of grafted polymer and Avogadro’s number, respectively.
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good solvent dry
brush

mushroom ! Collapsed
h~DP.o'" Polymer grafts

h ~ DP.g? ,

| |
substrate

Figure 2.2. In the presence and absence of solvent, different physical conformations of
polymer chains tethered on surface are obtained: mushroom (left), brush-like (middle)

and collapsed conformation (right). From ref. [20].

2.2. Synthesis of Polymer Brushes

Polymer brushes on solid surfaces can be prepared by using grafting to and graft-
ing from methods. In the grafting to approach, preformed, end-functionalized po-
lymer chains react with an appropriate surface or interface. Although the grafting
to approach is experimentally very easy to perform, it has one intrinsic problem:
during the process of surface attachment, the end-functionalized, reactive chains
on polymers will compete with already attached chains on the surface. With an
increasing polymer coverage, the already attached chains form a kinetic barrier

which restricts the attachment of further chains to the surface, resulting in low
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grafting density (the number of anchored polymer chains per surface area), and
thus, a low film thickness. Polymer films generated by this method are limited to

between 1 — 5 nm thickness.!

a) grafting to
(I) (1)

b) grafting from

M
M M M

Figure 2.3. Schematic illustration of grafting to and grafting from process. In the grafting
to process, macromolecule polymers are readily attached to a surface (a.l). As the cover-
age increased, the already attached polymer chains prevent further attachment of polymer
chains (a.1l). In the grafting from process, small monomer molecules (M) are grown from

initiators (1) bound to the surface.
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In the grafting from approach, a surface with immobilized initiators is prepared,
followed by surface initiated polymerization to generate tethered polymers. In
other words, polymer chains are grown from the initiators bound to a surface. For
this reason, the grafting from approach is also called surface initiated polymeriza-
tion (SIP). Unlike in the grafting to method, where macromolecule polymers are
grafted directly to a surface, in the grafting from method, the active-end initiator
chains are easily accessible for monomer units. Thus, a high grafting density is

reached and a thick polymer layer is obtained.

2.3. Surface initiated polymerization

In SIP, immobilization of initiators on a surface plays a vital role in polymer syn-
thesis. There are many strategies to bind initiators on a surface. The most common
strategy is immobilization of initiators on well-defined self-assembled monolayers
(SAMs). Alkylsilane®®" and alkanethiol SAMs!®® are the most commonly used
SAMs for providing reliable initiators for SIP (a more detailed discussion on
SAMs can be found in literature! ). With this method, a high density of initiators
on the surface is achieved, which leads to a well-defined initiation mechanism.
For this reason, this technique has become the most widely preferred. Azo- and

peroxide compounds are typical initiators used for polymerization reactions.k®

10
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These compounds act as bifunctional molecules with an initiator function at one
end and a surface grafting function at the other end. Another strategy for immobi-
lization of initiators on a surface or substrate is treating the substrate directly with
plasma or glow-discharge. This treatment leads to the formation of initiator moie-
ties on the surface, which can be used for polymerizations. This SAM-free tech-
nique has drawn attention recently. Fukuda et al.*”), reported on the formation of
a sufficient amount of peroxides as initiating moieties by O,-plasma treatment.
Kang et al.*® have used radio frequency Ar plasma pretreatment, followed by air
exposure to generate peroxide initiators. Many reports on SAM-free technique can

be found in literature. ¥4

Since the seminal work of Prucker and Riihe!*®*!! SIP techniques, such as living
ring opening, living cationict*®, living anionic®, ring opening metathesis poly-
merization (ROMP)*"!, and free radical polymerization®*® ** 8] have been widely
used to produce polymer brushes. Difficulties in controlling the propagation and
termination of the polymerization reaction usually result in low homogeneity in
chain length. To overcome this problem, living radical polymerization techniques
such as nitroxide mediated polymerization (NMP)X¥) atomic transfer radical po-
lymerization (ATRP)P™®Y  reverse ATRPP?**¥ and reversible addition-
fragmentation chain transfer (RAFT)®® *¥ have been widely used and become
more popular as they can be used with a wide range of monomers. In general, it
can be said that SIP has attracted enormous attention over the past decade for pro-

viding simple and robust synthetic routes to well-defined, polymer layers.

11
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Progress in synthesis techniques makes it possible to obtain polymer chains with

controlled length and morphology.

2.4. Self-initiated photografting and photopolymerization

In the previous section, we have discussed how polymer layers are synthesized by
using the most common technique, surface initiated polymerization. As mentioned
before, in SIP a surface pretreatment is required with initiator compounds or me-
thods leading to the formation of initiator moieties. The functionalization step to
introduce suitable initiators for SIP can be tedious for wider applications. Ranby
et al. reported a bulk surface photografting photopolymerization procedure.?®
Their technique allows formation of polymer brushes without pre-immobilization
of initiators on the surface; they have successfully grafted very dense and thick (2
— 5 um) polymer layers directly onto cross-linked polymer substrates such as po-
lyethylene, poly(ethylene terephthalate) and nylon. The procedure is very simple
and fast: a substrate is immersed in bulk monomer solution in which a small
amount of benzophenone (BP) is added as photoinitiator. This is followed by ex-
posure to UV light with a spectral distribution of 300 - 400 nm. The photoinitiator
should be a compound that is thermally stable, and capable of absorbing light

(photoexcitation) and transfer its energy to another molecule.

12
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Figure 2.4 The energy diagram of a possible mechanism in bulk photografting of styrene
[St] (ref. 55-56). So is the ground state, and S; is the lowest excited singlet state, T, is the
lowest triplet state A is absorption, F is Fluorescence, IC is internal conversion, ISC is

intersystem crossing and P is phosphorescence.

Further study by the same authors showed that BP played only a small role in the
polymerization process; in the total absence of BP, polymer brushes (styrene)
were obtained with the same grafting efficiency on a PE substrate.”® Thus, by
simply immersing a substrate into bulk monomer, and by irradiation with UV-
light, polymer brushes can be grafted directly to the surface. To explain how this
could happen, Li et al. proposed the most likely mechanism®: when irradiated
with UV light, styrene will absorb photon energy and acts as photoinitiator. It will
be excited to the higher singlet state [St] *! and can be transformed into a more
stable triplet state containing two free radicals [St]™* via ISC. ['St] can initiate a
free radical polymerization in solution and at the same time abstract a hydrogen
atom from the PE substrate, leading to the formation of radicals on the surface

which further initiates the free-radical surface initiated polymerization of styrene.

13
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They named this mechanism self-initiated photografting and photopolymerization
(SIPGP). More results on photografting were reported elsewhere. 3% 60611 gjmj.
lar results on photografting of various acrylic monomers on high density PE sub-
strates were reported by Brown et al.®®): similar to styrene, acrylic monomers can
also absorb UV-light and be excited to a higher excited state with enough energy
to abstract hydrogen from the surface and initiate polymerization. Monomers

which have been successfully grafted on PE substrates are shown in fig.2.5.5": 8]

COOH 0 ¥o io
A

®) o

_— 2

COOH o) CH OH
HEA HEMA

y

St AA G

Figure 2.5. Monomers that have been successfully grafted on PE substrates are: styrene
(St), acrylic acid (AA), methacrylic acid (MAA), glycidyl acrylate (GA), 2-hydroxyethyl
acrylate (HEA), and 2-hydroxyethyl methacrylate (HEMA).

Dyer et al. were the first to perform SIPGP on SAMSs.'*? They reported on the
formation of approximately 200 nm PS and 675 nm PMMA brushes on gold con-
taining tertiary amines. The SAMs were immersed directly into a monomer solu-
tion and irradiated with UV-light. They suggest that the photoactivated monomer
activates the amino group by electron transfer or hydrogen abstraction.

SIPGP provides a simple procedure for preparing very thick and dense polymer
layers. Furthermore, the handling of a UV-sensitive system is very easy and spe-

cial precautions such as safety light conditions, which are mandatory for a visible

14
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light system, are not required. However, despite the advantages it offers, SIPGP

has not attracted much attention in the polymer synthesis community.

2.5. Patterning polymer brushes

Patterned polymer brush nano- and microstructures have gained evermore atten-
tion over the past few years, because of their ability to modify surface properties
and their potential for a broader range of applications in surface-based technolo-
gies.l®*®®! By patterning polymer brushes, control is achieved over functionality,
feature dimension and shape. Fabricating patterned brushes with defined proper-
ties is very important for a wide range of research studies and applications such as
biosensors®” ! microelectronics®, for particle capture and release in micro-

st731  proteomic chipst™ and bio-related and medicinal

and nanofluidic device
research, including usage of polymer brushes as substrates for bone cells!™, pro-
tein immobilization!”®, cell adhesions and tissue engineering.!’”"®! Various strate-
gies for obtaining patterned polymer brushes have been demonstrated by many
research groups, such as photolithography® electron beam chemical lithogra-
phy®83 scanning probe based lithography (nanoshaving, nanografting and dip-
pen lithography)®*¥1 and microcontact printing (UCP)!® 889 These methods

rely on the grafting from approach (SIP) where polymer brushes are grown from

predefined, functionalized, patterned SAMs. The combination of patterned SAMs

15
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and subsequent SIP allow a superior control over the growth of patterned polymer
brushes. Detailed discussions on various lithographic methods can be found in

literature.[*% Here we focus on electron beam chemical lithography (EBCL).

2.5.1. Electron beam chemical lithography

Electron beam lithography (EBL) utilizes a focused electron beam scanning
across a surface covered with a resist film sensitive to those electrons, thus depo-
siting energy in the desired pattern in the resist film. Derived from an early gener-
ation of the scanning electron microscope (SEM)®% EBL has become the most
developed technique in nanofabrication and is widely used for pattern fabrication.
While smaller patterns in the nanometer range can be achieved by focused elec-
tron beam, larger pattern areas can be obtained by proximity printing, using an
electron flood gun combined with a stencil mask. Golzhduser et al. have been de-
veloping and utilizing the electron-induced patterning of biphenyl SAMs in great
detail. ! In their early work, they reported that C-H cleavage occurs upon irrad-
iation of 1, 1°-biphenyl-4-thiol (BPT) with 50eV electrons, followed by crosslink-
ing between neighboring phenyl units. During this process, the crosslinked mole-
cules maintain their preferred orientation and only a little material desorbs. Hence,
the electrons generate a well ordered and cross-linked monolayer (Fig. 2.6a). They

also demonstrated that the cross linked monolayer is chemically stable and has an

16
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increased wet-etching resistance against KOH/KCN.®Y Later on, they demon-
strated the fabrication of a free-standing nanosheet of crosslinked biphenyl SAMs
which is mechanically extremely stable.”® When 4’-Nitro-1, 1°-biphenyl-4-thiol
(NBPT) SAMs are used, the hydrogen atoms liberated from the aromatic cores by
electron irradiation, locally reduce the nitro to an amino group (Fig. 2.6b). This
process results in cross linked 4’-Amino-1,1’-biphenyl-4-thiol (CABPT) where the

amino groups can be chemically modified further.l*%

a
000 000
N
e
slelmlieloze
s ™ ™
S S
b

02 NO2 NO: NH: NH: NH:
b f) @ OO
F
- e
N —_—
slelnlielore
S S S S

Figure 2.6. Scheme of electron induced crosslinking process in aromatic SAMs (a) BPT
and (b) NBPT SAMs (from ref. 91-93).

17
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The electron beam induced conversion of one chemical function to another (here:
nitro to amino) is called electron beam chemical lithography (EBCL). Modifica-
tion and fabrication of defined chemical nanostructures becomes possible.
Schmelmer et al. reported on the preparation of patterned polystyrene (PS) brush-
es by combining EBCL of NBPT SAMs and amplification of the primary struc-

ture by SIP of styrene, as schematically shown in fig. 2.7.5%!
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Figure 2.7 Schematic procedure of SIP patterned polystyrene brushes. NBPT SAMs is
exposed to an electron beam, generating patterns with terminal amino groups (1). Next,
diazotization and coupling with malonodinitrile gives a SAM bearing an asymmetric azo
initiator, CAMBPT (2-3). Finally, exposure to a vinyl monomer (styrene) and heating at

80 °C, radical polymerization occurs, resulting in a polymer brush layer (from ref. 83).

Irradiation of NBPT SAMs was performed through a stencil mask with circular
openings of 1.6 um which generated initial patterns with amino functional groups.

The terminal amino groups were then diazotized and treated with methylmalono-

18
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dinitrile to give a surface-bound monolayer bearing an azo-initiator, (4’-
azomethylmalonodinitrile-1, 1’biphenyl-4-thiol, cAMBPT). Phenyldiazenyl-
alkylmalonodinitriles and their derivatives are suitable initiators for radical poly-
merization of a large variety of vinyl compounds in solution®®”, as well as SIPF®
%l Azoinitiators such N, N-azobisisobutyronitril (AIBN) are commonly used for
radical polymerization. AIBN can be thermally or photochemically activated. This
means that an AIBN-modified surface can undergo photopolymerization. It has
been reported that surface-initiated photopolymerization (SIPP) of styrene at room
temperature leads to denser, more homogenous, and significantly thicker layers
when compared to thermally initiated SIP. The CAMBPT monolayer was then
exposed to styrene and heated to 80 °C. Radical polymerization started and re-
sulted in polystyrene brushes in irradiated patterned (Fig. 2.8a). AFM measure-
ment on the structured polystyrene brushes revealed a typical height of 6 nm on
PS spots, as shown in Fig 2.8b.

a)

polystyrene
brush SAM

Figure 2.8. Structured polystyrene dots obtained by a combination of EBCL of NBPT
SAMs followed by a SIP process in patterns. a) SEM image of polystyrene spots. The
dark dots represent patterned areas where NBPT was converted into cCABPT, treated fur-
ther to form cAMBPT, and where SIP of styrene takes place. b) AFM image of small area
of the same substrate, showing polystyrene spots of 6 nm thick (from ref. 83).

19
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The electron induced crosslinking of biphenyls enhances the stability of the mo-
nolayer and allows the polymerization at elevated temperatures or with intense
UV light. This result reflects the capability of a one-to-one translation of the orig-
inal mask to the surface at high resolution of patterned polymer brushes, indicat-
ing that by using EBCL, enhanced stability, significant selectivity and uniformity

of the process on a large scale can be achieved.

In recent years, Steenackers et al. have used SIPGP for preparation of structured

polymer grafts on surfaces.'*”
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Figure 2.9. Preparation of structured polymer brushes by SIPGP.

Their results show that highly defined structured polymer brushes can be prepared
by the SIPGP of styrene and acrylic monomers directly onto biphenylthiol SAMs
on gold, patterned by EBCL, as schematically shown in Fig. 2.9. This renders the

SAM-modification step for the preparation of surface-bonded initiator unneces-
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sary. Thus, a tedious, tricky step in preparation of polymer brushes can be avoided

and the polymerization process is simplified.

The stability, selectivity, high throughput and superior resolution of patterned,
functionalized SAMs offered by EBCL combined with SIPGP make it an ideal

technology platform for the preparation of structured polymer brushes.

2.6. 2D carbon nanosheets

When aromatic SAM s irradiated with electrons, the electrons generate a well
ordered and crosslinked monolayer. Crosslinking enhances the stability of a mo-
nolayer. Cross linked SAMs can be released from the substrate by dissolution of
the substrate or by scission of the anchor group-substrate bonds, resulting in an
extremely flat, two dimensionally extended layer which is better known as a na-
nosheet. Gdlzhduser et al. have developed the fabrication of carbon-based bi-
phenyl nanosheet very far. In their preliminary work, they reported on the prepa-
ration of freestanding biphenyl nanosheet with the thickness of a single mole-
cule.® 1% These carbon nanosheets can span holes ranging in a size up to several
tens of micrometers. These authors also reported the fabrication of circular-shaped

nanosheets. The circular shape was obtained by pre-patterning the biphenyl SAM
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by using EBCL when a mask with circular holes was placed on the SAM sub-

strate. Thus, patterned nanosheet can be fabricated.

e 92000002

substrate
EBCL

¥ Yy ¥ ¥ ¥ 4
crosslinked
SAM

dissolution of substrate
freestanding
nanosheet

Figure 2.10. Preparation of freestanding nanosheet.

Their recent work shows that a biphenyl nanosheet is extremely stable both ther-
mally and mechanically.*®? A thermally stable nanosheet will resist intense UV
light. This provides an ideal surface for photopolymerization. The combination of
nanosheets with excellent properties and SIPGP leads to a new strategy in fabri-

cating both freestanding homogenous and patterned polymer brushes.
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3. Research Objectives

The purposes of this work were to fabricate and study freestanding homogenous
polymer brushes grafted on nanosheet as well as freestanding patterned polymer
brushes.

Fabrication of freestanding homogenous and patterned polymer brushes is of a
great interest for both scientific studies and industrial applications. These mate-
rials may find a broad range of applications in many surface-based technologies.
We developed a new strategy in preparing freestanding homogenous and pat-
terned polymer brushes: a combination of electron beam chemical lithography
(EBCL), 2D carbon-based nanosheet and self-initiated photografting photopoly-
merization (SIPGP) to obtain well defined freestanding homogenous and micro-
and nanostructured polymer brushes.

This new approach offers several advantages:

1. A Nanosheet is extremely thermally and mechanically stable. This will
make it a good candidate for polymerization at elevated temperature as
well as intense UV light.

2. EBCL as a patterning tool offers stability, flexibility, selectivity, high
throughput and superior resolution.

3. SIPGP technique offers a simple procedure in preparing polymer brushes.
As a SAM-modification step is no longer necessary for the preparation of

surface-bonded initiator, a tedious, tricky step in the preparation of poly-

23



Research Objectives

mer brushes can be avoided and the polymerization process becomes sim-
plified.
What does the morphology of the polymer brushes grafted on nanosheets look
like? How will these brushes respond to external stimuli? And how do nanostruc-
tured polymer grafts behave in various conditions? Will new phenomena emerge?
What will be possible applications? Further work could concentrate on the devel-
opment of this new strategy and may open new perspectives in understanding 2D

polymeric system.
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4. Experimental Part

4.1. Sample preparation

4.1.1. Preparation of biphenylthiol SAMs on gold

1,1°-biphenyl-4-thiol (BPT) and 4’-Nitro-1,1’-biphenyl-4-thiol (NBPT) were pre-
pared on gold substrates. First, mica substrates with a layer of 300 nm thermally
evaporated Au were cleaned in a UV/ozone-cleaner (UVOH 150 LAB from FHR,
Germany) for 3 minutes, rinsed with ethanol and blown dry in a stream of nitro-
gen. They were then immersed in a 10 mM solution of 4'-nitro-1,1-biphenyl-4-
thiol (NBPT, purchased from Taros Chemicals) or 1,1-biphenyl-4-thiol (BPT,
purchased from Platte Valley Scientific) in N,N-dimethylformamide (DMF p.a.,
purchased from VWR, dried with 0.4 nm molecular sieve) at room temperature
for 3 days. Subsequently the samples were rinsed with DMF and ethanol (p.a.,

purchased from VWR) and finally dried in a stream of nitrogen.
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4.1.2. Patterning of biphenylthiol SAMs by chemical lithography

Cross-linking was achieved in high vacuum (<5 x 107 mbar) with an electron
flood gun (Specs FG20) at an electron energy of 100 eV and typical dose of 50
mC/cm? for homogeneous SAMs. The dose was measured with a Faraday cup in
close proximity to the sample. For chemically patterning, a carbon quantifoil is

used as shadow mask and placed on the sample during irradiation.

4.1.3. Preparation of Nanosheets.

The cross-linked SAMs were transferred from the mica substrates to silicon sub-
strates with either a 300 nm thick oxide layer or a 150 nm thick silicon nitride
layer on top of a 10 nm oxide layer. This transfer was achieved by cleaving the
cross-linked SAM from its substrate using a layer of PMMA for stabilization. A
~400 nm thick layer of PMMA was spincoated onto the sample and baked on a
hotplate. The Au was cleaved from the mica by immersion in hydrofluoric acid
(48%) for 5 min and etched away in an I,/Kl-etch bath (~15 min). Afterwards the
nanosheet/PMMA was transferred onto SiO, or SisN, substrate followed by disso-
lution of the PMMA in acetone, rinsing the sample with methanol and drying in a
stream of nitrogen. SiO,/SisN4 substrates were always cleaned with piranha

(H2S04:H,0, = 3:1) solution before use.
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4.1.4 Self-Initiated Photografting and Photopolymerization

(SIPGP).

The silicon supported nanosheets were submerged in about 1 mL of freshly dis-
tilled and degassed styrene, methyl methacrylate (MMA) or 4-vinylpyridine
(4VP) (Fluka) in a glass photoreaction vial. Polymerization was performed under
an argon atmosphere for different time periods under irradiation with UV-light
(Amax = 350 nm) at room temperature. After polymerization, the samples were
removed from the reaction solution and immediately washed with a good solvent
for the respective polymer (PS in toluene; PMMA in acetone; P4VP in ethanol).

The samples were additionally cleaned in ethyl acetate and ethanol.
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Figure 4.2. Schematic illustration of the SIPGP process on nanosheets and the transfer

procedure for obtaining freestanding polymer carpets.

27



Experimental part

Freestanding nanosheets and carpets were fabricated by transfer from the sub-
strates with silicon nitride (SisN4) layers onto TEM Cu grids (400 mesh). For that
purpose the polymer/SAM film was cleaved from the substrate by dissolving the

silicon nitride layer in hydrofluoric acid (48%) as illustrated in figure 4.2.

4.2. Characterization Techniques

4.2.1. X-ray photoelectron spectroscopy

XPS characterization was always performed directly after deposition of the mono-
layer. The spectra were recorded with an Omicron Multiprobe spectrometer using
monochromatic Al Ka radiation. The XP spectra were calibrated by setting the Au
417, signal to 84.0 eV. XP spectra were fitted by using symmetric voigt functions

with shirley background correction.

4.2.2. Atomic Force Microscopy

Atomic force microscopy (AFM) scans were performed under ambient conditions
by using a Nanoscope Illa scanning probe microscope (Veeco Instr., Mannheim,
Germany) using standard tips in tapping mode under ambient conditions. For the

AFM measurements in liquids (water, ethanol) at room temperature, we used a
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MFP-3D (Atomic Force, Mannheim, Germany) with a standard liquid cell. Scans
were performed in tapping mode and with standard tips. The measurements of the
Young’s modulus of the nanosheets and polymer carpets were performed with a
home-made setup described previously™ on a NTEGRA atomic force microscope

from NT-MDT (Eindhoven, The Netherlands).

4.2.3. Scanning electron Microscopy

The SEM measurements were acquired using a LEO 1530 scanning electron mi-
croscope. The electron beam energy was set at 3 keV, vacuum pressure ~5 x 10°

mbar. The secondary electrons were detected with an in-lens-detector.

4.2.4. Contact Angle Measurement

The water contact angle measurements were performed by using a full automated
Kriss DSA 10 Mk2 contact angle goniometer. The data were acquired with the

aid of the Kriiss Drop Shape Analysis v3 software package.

4.2.5. Infrared spectroscopy

For infrared spectroscopy we used a Bruker, IFS 55 with a liquid nitrogen cooled
MCT-detector. Polarization filter Spectral resolution: 4 cm™. The infrared mea-
surements of the polymer grafts were recorded using a diffusion reflectance
Fourier transformed (DRIFT) setup from Spectra Tech. 550 scans were accumu-
lated. Attenuated total reflection Fourier transformed infrared (ATR-FTIR) mea-

surements were performed with a ZnSe crystal from Spectra Tech.
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5. Results and discussion

5.1. Fully cross-linked chemically patterned monolayers

Nanoscale objects with chemically patterned surfaces are key elements in the de-
velopment of novel functional devices. A promising fabrication strategy utilizes
self-assembled monolayers (SAMSs) of aromatic moleculest* to coat the surface
of an object with molecules carrying well defined functionalities. We have devel-
oped a method to fabricate mechanically stable self-assembled monolayers

(SAMs), which we can further chemically functionalize.

5.1.1. Fabrication of FCCP SAMs

A general method for fabricating A FCCP SAMs is introduced. A FCCP mono-
layer can be fabricated by exchanging two different aromatic molecules. The me-
thod consists of: (i) patterning of the first type of aromatic molecules. A shadow
mask is used by which cross-linked and non-cross-linked areas are generated, (ii)
immersion of the patterned sample in a solution of a second aromatic compound.

This results in an exchange between the first type of aromatic molecules on the
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non-cross-linked region and the second one. (iii) irradiation of the exchanged
sample results in a fully cross-linked monolayer.

In the beginning of our study for the fabrication of FCCP SAMs, a SAMs of BPT
patterned has been used, where the non-cross-linked area was exchanged with

NBPT molecules.
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Figure 5.1 Schematic fabrication of an exchange sample. First, a BPT sample is patterned
using a shadow mask with an irradiation dose of 20 mC/cm? (a-b). This generates cross-
linked and non-cross-linked regions. Immersion of the patterned BPT sample in a NBPT
solution leads to the exchange of non-cross-linked BPT with NBPT (c). Finally, irradia-
tion of the entire surface with a dose of 40 mC/cm? leads to a fully cross-linked monolay-
er (d).
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To confirm that an exchange had taken place, XPS was done. Figure 5.2 shows
the XPS result of an exchange sample at room temperature (Tr). We have ob-
served the exchange process after 24, 48 and 72 hours; the exchange takes place

after 72 hours as the nitrogen peak and oxygen peak then become apparent.
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Figure 5.2 XPS spectra of an exchange sample at room temperature. (a) Carbon peak, (b)
Nitrogen peak, (c) Oxygen peak. Curve I, II, 11l and IV immersion of BPT SAM after O,
24,72 hin a NBPT solution, and direct NBPT deposition for 72 h, respectively.

However, the nitrogen peak (111) shows that we do not have a perfect monolayer
as the intensity of the nitro-peak is smaller than that of the exchange sample (I11)
compared to direct deposition NBPT SAMs (IV). The strategy to improve this

result is to increase the temperature during the exchange process. It is well known
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that an increased temperature during deposition of SAMs can speed up the adsorp-
tion process since the reaction rate is enhanced. For further investigation, we have
performed the exchange process at the higher temperature of 55 °C.

For our fabrication process two processes have been used, as shown schematically

in fig. 5.3.

process A process B

mggggggggf%neooooooo
D000 0000 T 000000900
f fF F¥ fF 5 f§ ¥ % f f 5 fF 5 75 7 7

NO, NO,

OO oy OOQOCOOC
e G
§ 3 L R A . . ol R N {
00 m OOOQCOO0
i 20D 2T
= it 1t ¢ 7 7 7 Ff

fully

Figure 5.3 The fabrication of FCCP SAMs. (a) The process starts with deposition of
NBPT SAMs on a gold surface for process A and BPT SAMs for B. (b) Local electron
irradiation of SAMs is done, generating patterns between cross-linked and non-cross-
linked regions, (c) In non-cross-linked regions of SAMs, thiols are exchanged with other
biphenyl SAMs, (d) Final electron irradiation. This procedure results in a fully cross-

linked monolayer.
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In process A, a SAMs of NBPT is deposited on a gold surface. Next, the SAMS is
irradiated with electrons whilst a carbon quantifoil mask is placed on the NBPT
SAMs. This leads to intermolecular cross-linking and conversion of nitro functio-
nalities to amino groups within the exposed area, generating patterns. During the
immersion of patterned NBPT SAMs in a solution of BPT in DMF, the non-cross-
linked NBPT molecules are exchanged by BPT molecules. A fully cross-linked
SAMs is achieved by electron exposure of the entire surface. A positive pattern is
defined, if the first electron irradiation patterns the chemically active amino
groups and the second irradiation performs the cross-linking of surrounding areas.
By a similar fabrication process, a negative patter can be generated, starting with
BPT SAMs and exchanging non cross-linked BPT molecules with NBPT mole-
cules after the first electron irradiation. A final electron irradiation of the entire
surface results in cross-linking of NBPT SAMs, converted nitro to amino groups
and linking the amino groups to a non-functionalized BPT area.

To check that both fabrication processes actually occur, the exchange and expo-
sure processes have been monitored by XPS. In both processes, SAM-covered
samples have been immersed in a 10mM solution of thiols in DMF at 55°C. Fig.

5.4a shows XP-spectra of the positive process A.
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Figure 5.4 XPS monitoring of thiol exchange. (a) Process A: (I) SAM of NBPT obtained
by self-assembly on a bare gold surface; (1) after 3 hours of immersion in a solution of
BPT in DMF at 55°C, the monolayer still contains ~70% NBPT; (IlI) after one day of
immersion, NBPT has completely been replaced by BPT. (b) Process B: (I) BPT mono-
layer obtained by self-assembly on a bare gold surface; (I1) after one day of immersion in
a solution of NBPT in DMF at 55°C, the BPT SAM is almost completely (~90%) re-

placed by NBPT; (I11) electron irradiation converts the nitro into amino groups.
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The top spectra (Fig 5.4 a, 1) were obtained from an unexposed NBPT monolayer.
The C1s signal consists of peaks at 284.3 eV (FWHM = 1.2 eV) and 285.3 eV
(1.6 eV), and of two shake-up satellites at 286.4 eV and 290.5 eV (1.9 and 1.5
eV). The peak at 284.3 eV is assigned to the carbon atoms of the biphenyl except
for the ones bound directly to sulfur and nitrogen, which are attributed to the peak
at 285.3 eV. As in an earlier XPS study of NBPTI the N1s and O1s signals are
found at 405.6 eV (1.5 eV) and 532.4 eV (1.9 eV), respectively. The XP-spectra
of a NBPT SAM after 3 hours of immersion in a solution of BPT (I1) reveal a no-
ticeable drop of the intensity of the N1s and O1s peaks. However, they are still
clearly detectable, which indicates that the NBPT was replaced only partially by
BPT. To quantify the degree of exchange, we calculated the intensity ratio I
(N1s)/ 1 (C1s) = Inc of the nitrogen and carbon XP-signals. A well-ordered NBPT
SAM has an Inc = 0.125 + 0.017. After 3 hours of immersion in a solution of BPT
this value dropped to Inc = 0.09. Hence, we conclude that ~30% of the NBPT mo-
lecules were replaced with BPT. The bottom spectra in Fig. 5.4a (I11) are obtained
from a NBPT SAM after one day of immersion in a solution of BPT. Note that no
nitrogen signal is detected, proving that all NBPT molecules were replaced by
BPT. A low intensity O1s signal is found at 531.8 eV (2.5 eV). This is most likely
due to adsorption of water onto the monolayer while washing the sample with
DMF and ethanol and handling the sample in air. The Xp-spectrum is almost iden-
tical (Cls signals at 284.1 eV (1.1 eV) and 284.7 eV (1.1 eV), shake-up satellites
at 286.1 eV (1.7 eV) and 289.8 eV (1.7 eV), Ols at 531.8 eV (2.5 eV)) to that of a

BPT SAM (Fig. 5.4, top) prepared on a bare gold surface. This demonstrates the
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practicability of molecular exchange of NBPT for BPT SAMs. The reverse
process that exchanges BPT molecules for NBPT molecules was also investigated
and monitored by XPS (Fig. 5.4b). The middle spectra in Fig. 5.4b originate from
a BPT SAM after being immersed in a solution of NBPT for one day. The Cls,
N1s and O1s intensities are similar to those of a NBPT SAM. From Inc = 0.11 we
conclude that ~90% of BPT molecules were replaced by NBPT. No exchange was
detectable after 1 day, when working at room temperature instead of 55°C. To test
whether a NBPT SAM, that is made by molecular exchange, has a similar sensi-
tivity towards electron irradiation as a NBPT SAM, that is made by thiol adsorp-
tion on a bare gold surface, an exchange sample has been tested by electron expo-
sure of 40 mC/cm?. In the bottom spectra of Fig. 5.4b, the conversion of nitro to
amino groups is visible by the disappearance of the nitro signal at 405.6 eV and
the appearance of an amino signal at 399.0 eV with a shoulder at 400.4 eV. This
clearly demonstrates that NBPT SAMs made by molecular exchange can be used

for electron induced chemical lithography!®

in the same way as *’conventional’’
NBPT SAMs are made by adsorption on a bare surface
To optimize the fabrication of biphenyl SAMs via molecular exchange, the kinet-

ics of the exchange reaction was determined. Figure 5.5 shows the normalized

XPS intensity ratios RNC as a function of exchange time for process A and B. The

nitrogen to carbon intensity ratios have been normalized with the value of a con-
ventional NBPT SAM:

RNC = INC (after exchange) / INC (NBPTSAM)....cooviinn, (Eq.5.1)
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The C and N intensity ratios can thus be regarded as a measure for the concentra-
tion of NBPT molecules in the monolayer. Both exchange processes can be fitted

assuming Langmuir type kinetics. For process A, we fit the measured RNC values

to the equation:

RNC =exp (-km* t)

-1
where the exchange rate constant km = (0.22+£0.04) h is obtained. For the reverse

process B, we fit RNC to the equation:

RNC =1-exp (-kmt) ..................................................... (Eg. 5.3)

-1
For this process B, we obtain km = (0.07£0.02) h , which is roughly three times

lower than the km for process A.
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Figure 5.5 Kinetics of the exchange of NBPT for BPT (process A) and of BPT for NBPT
(process B) in DMF at 55°C based on XPS data. The nitrogen/carbon-ratio Ryc denomi-
nates Iyc (after exchange) normalized to the value of Iyc for a NBPT SAM. Fitting the
data with the equations for Langmuir kinetics yields a three-times-higher exchange rate

constant ki, for process A in comparison to process B.
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An AFM image (contact mode) of such a FCCP monolayer made by process A is

shown in Fig. 5.6a.
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Figure 5.6 (a) AFM image (contact mode) showing the topography of a fully cross-
linked, chemically patterned monolayer obtained through process A. The amino termi-
nated areas (inside the circles) appear higher by ~ 3 A in comparison to the BPT areas
(outside the circles). (b) AFM topography of a fully cross-linked chemically patterned
monolayer obtained by process B. For the next step, a surface functionality test on our

FCCP monolayers has been performed.

The interior of the circles appears ~3 A higher than the surface of the adjacent
regions. This AFM contrast is assigned to differences in stiffness. It is known that
cross-linked SAMs are stiffer than non-cross-linked ones.[*¥ As the regions within
the circular openings were exposed to electrons twice, with a total dose of 60
mC/cm?, they contain more cross-links and are therefore stiffer than the regions

outside the circles that only had a single exposure of 40 mC/cm?. This interpreta-
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tion of the AFM contrast is supported by Fig. 5.6b which shows the topographical
AFM image of a FCCP monolayer with a negative chemical pattern that has been
fabricated using to process B. Here the cross-linked non-functionalized regions
are inside, whereas the amino terminated regions are outside of the circles. Never-
theless the AFM image shows the same topography, i.e. the interior of the circles
appear ~3A higher than the regions outside. Hence, the AFM contrast reflects the

difference in the electron irradiation dose.

5.1.2. Functionalization of FCCP SAMs

Functionalization of our FCCP samples, both positive and negative patterns is
performed. We treated our FCCP layers with pentanoic acid chloride in the pres-
ence of ethyldiisopropylamine in 1,2-dichloroethane solvent. The process results
in amide formation at the amino terminated ends. The corresponding AFM images
in fig. 5.7 show a height increase of the amino terminated regions, as expected.
This demonstrates that both types of FCCP monolayers can be functionalized.
After functionalization, in a positive pattern (Fig. 5.7a), we observed a difference
in thickness between the amino terminated and non-functionalized region of
around 10 A. The same result is found for a negative pattern (fig. 5.7b). This con-
firms the suggestion that the AFM height profile of FCCP monolayers before

functionalization with acid chloride is mainly due to differences in mechanical
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stiffness. The AFM images in fig. 5.7 clearly show that the functionalization of

both types of FCCP monolayers can be performed.
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Figure 5.7 AFM images (contact mode) showing the topography of a fully cross-linked
and chemically patterned monolayer after treatment with pentanoic acid chloride in the
presence of ethyldiisopropylamine. (a) Process A furnishes SAMs with the amino termi-
nated areas inside the circles. (b) Process B resulted in SAMs with the amino terminated

areas outside of the circles.

5.1.3. FCCP nanosheet

The mechanical stability of the fully cross-linked, chemically patterned monolayer
was demonstrated by transferring it to another substrate. This technique was re-
cently introduced for the preparation of cross-linked freestanding SAMs as sample

support for transmission electron microscopy.!*®*! By dissolution of the gold sub-
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strate, the bonds between the cross-linked monolayer and the substrate were
cleaved and the monolayer was detached, resulting in a nanosheet. The nanosheet
can be transferred to a silicon dioxide substrate or TEM grid for making it frees-
tanding. For our purpose, we transferred the detached monolayer on a silicon dio-
xide surface. This allowed the inspection of the monolayer by optical microscopy.
(1051 As shown in figure 5.8b a pattern is hardly recognizable, but it shows that a

homogeneous monolayer over an area of several millimeters was transferred.

Figure 5.8. Optical microscopy images: (a)
Stencil mask used for imposing a pattern into
BPT monolayer. This copper grid is coated by a
20 nm thin carbon foil with micron-sized elliptic

and circular openings. (b) A fully cross-linked,

chemically patterned monolayer after transfer
onto a silicon dioxide surface. The monolayer
covers almost the complete millimeter-sized
field of view except for a small region on the
right side. (c) The pattern within the monolayer
becomes visible after a contrast enhancement.
The BPT areas (circles and ellipses) have a
slightly higher contrast, which indicates an in-
creased refractive index or a higher thickness.

This is consistent with the AFM images.
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The same image is shown in figure 5.8c after a substantial enhancement of the
contrast. Here, the chemically patterned part of monolayer generated by the sten-
cil mask is visible. The weak contrast in figure 5.8b might originate from the dif-
ference in the electron dose which may have led to a slight difference in the re-
fractive index. This is consistent with the AFM topography image which indicated
small differences in the stiffness of areas of cross-linked BPT and amino-BPT due
to the difference of the electron dose. Important to note is the absence of any rup-
ture in the monolayer. The crosslinking must have worked well even at the border
between the already cross-linked BPT and the freshly assembled NBPT areas, so
that the whole monolayer is sufficiently stable to withstand the transfer process.

Functionalization of our FCCP nanosheet is also performed with a positive pattern
nanosheet. The nanosheet was treated with pentanoic acid chloride in the presence
of ethyldiisopropylamine in 1,2-dichloroethane solvent, exactly the same treat-
ment as our FCCP monolayer on gold substrate. Fig. 5.9a shows an AFM image
of the positive pattern nanosheet before functionalization. A height difference of
3.2 A between the amino terminated areas (inside the circles) and the cross-linked BPT
areas (outside the circles) was observed. This result is in a good agreement with the value
obtained for the FCCP monolayer on gold substrate. After functionalization, the height of
amino terminated areas increased. We observed a difference in thickness between
the amino terminated and the non-functionalized region of around 10 A. This re-
sult is again in a good agreement with the value obtained for the FCCP monolayer
on a gold substrate. This demonstrates that FCCP nanosheets can be functiona-

lized.
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Figure 5.9 AFM images of positive pattern FCCP nanosheet: a) before b) after functiona-
lization with pentanoic acid chloride in the presence of ethyldiisopropylamine in 1,2-
dichloroethane solvent.

To our best knowledge, this is the first report on the fabrication and functionaliza-

tion of two-dimensional patterned nanosheets.

5.1.3 Summary

This fabrication process has clearly shown that a chemically and mechanically
stable 2 dimensional patterned nanosheet can be achieved. Further functionaliza-

tion of the fully cross-linked monolayer is possible. The mechanical stability of
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the fully cross-linked chemically patterned monolayer was demonstrated by trans-
ferring it to another substrate. These layers may find a variety of technical appli-

cations as mechanically stable chemically functional surfaces.
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5.2 Freestanding polymer nanosheets

Freely suspended thin and flexible polymeric membranes, with molecular scale
thicknesses combined with macroscopic lateral size, are continuously gaining sig-
nificant scientific and industrial interest due to their enormous potential applica-
tions to create a variety of smart, switchable and multifunctional surfaces with
extraordinary sensitivity and dynamic range; microsensors, actuators or separation
membranes.['®®1%! Many strategies have been developed to fabricate defect-free
and mechanical robust freely suspended ultrathin polymeric membranes. Layer-
by-layer (LbL) assembly of polyelectrolyte multilayers*® 9 crosslinking of
Langmuir-Blodgett™ and self-assembled monolayers (SAMs) %2 self-
assembly of ABA triblock copolymers™? and cast films™***). More recently, ef-
forts have concentrated on enhancing the mechanical stability and elasticity of
these polymeric nanomembranes. Tsukruk et al.™** 1 showed that very robust
25-70 nm thick membranes were accessible by embedding rigid nanoparticles
within polymeric nanomembranes prepared by LbL assembly. Kunitake et al.**®
7 developed different approaches for the preparation of 20-40 nm thick, me-
chanical stable nanomembranes by “high-density crosslinking” of a spin-coated
precursor solution. Due to their extraordinary sensitivity and dynamic range, these
highly cross-linked nanomembranes are very promising candidates for the next-
generation of membrane-based pressure, thermal, tactile and acoustic sensors™®:

1191 "and in biomedical field as artificial nacre™®® and as novel material used in

surgery™®!- However, for the fabrication of chemical- or bioresponsive polymeric
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nanomembranes, “high-density crosslinking” is one major inconvenience since
this drastically reduces the interaction between the polymer chains and the adja-
cent liquid or gas phase. More flexible polymer chains would allow the penetra-
tion of the mobile phase into the polymer layer and enable interaction of (bio)-
molecules with binding sites within the layer. In the past decade, such soft and
stimuli responsive polymer layers have been prepared widely on solids via poly-
mer brushes. Soft and stimuli responsive polymer brushes have been the system of
choice for the development of adaptive layers as actuators and sensors. 12212

Here, we report on the preparation of the first freestanding polymer brush by
grafting polymers on a cross-linked nanosheet. A nanosheet that provides the me-
chanical stability and structural integrity was used as a 2D template to grow a po-
lymer brush by surface-initiated photografting photopolymerization (SIPGP),

forming the a so-called polymer carpet. Freestanding polymer carpets are obtained

by dissolving the underlying solid substrate.

5.2.1. Grafting polymer brushes on homogenous nanosheet

Recently, Steenackers et al. reported that a specific surface-bound initiator is not
needed and polymer brushes of equal quality can be prepared by the self-initiated
surface photopolymerization and photografting (SIPGP) of vinyl monomers.
100126, 127] This straightforward and easy approach has been applied for the prepa-

ration of polymer brushes on crosslinked biphenyl nanomembranes (Fig. 5.10a).
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First, a ~1 nm thin nanosheet is prepared by electron beam induced crosslinking
of a biphenyl SAM. It was shown recently that these macroscopic large and ultra-
thin nanomembranes are extremely stable, mechanically and thermally.!%? In a
second step, polymer brushes are grafted on the cross-linked biphenyl nanomem-

brane by SIP, forming a so-called polymer carpet.
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Figure 5.10 a) Schematic illustration of the preparation of polymer carpets. The electron
irradiation of the 4’-nitro-1-1’-biphenyl-4-thiol (NBPT) SAM on gold results in a cross-
linked 4’-amino-1,1’-biphenyl-4-thiol (CABPT) SAM. After dissolution of the gold sub-
strate and deposition onto a silicon wafer, a CABPT nanosheet is obtained. Polymer car-
pets are obtained by SIPGP of a vinyl monomer on the cABPT nanosheet. Optical image
of nanosheet (b) before c) after 4hr polymerization of styrene. Both are at the same scale.
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The preparation of polymer brushes by SIP has been widely used during the past
decade and various strategies have been developed for the immobilization of sur-
face-bonded initiators on substrates.[® 1!

In a first set of experiments, polystyrene (PS) carpets were prepared by the SIPGP
of styrene on approximately 5x5 mm? cross-linked 4’-amino-1,1’-biphenyl-4-thiol
(cABPT) nanosheets deposited on 9x9 mm? silicon wafers. The cABPT/silicon
substrates were submerged in styrene and irradiated with UV light for different
times (0.5-16 h). The substrates were then intensively rinsed with solvents of dif-
ferent polarities, dried in a jet of nitrogen, and investigated by AFM under am-
bient conditions. PS was selectively grafted on the cABPT nanosheets and no po-
lymer was observed on the bare silicon wafer. The difference in reactivity be-
tween the native silicon substrate and the cCABPT nanosheet is in agreement with

previous reports, 0% 126.1271

polymer carpet

Figure 5.11 True to scale 3D representations of AFM measurements of PS carpet edges
on silicon. a) UV irradiation time: 0.5 h; PS nanocarpet thickness: 19 £ 7 nm. b) UV ir-
radiation time: 16 h. Here, the PS nanocarpet thickness could not be determined accurate-
ly by AFM due to the high buckling amplitude (approximately 1.5 pm rms).
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Figure 5.12 Thickness of the dry PS carpets (hy) as a function of the UV irradiation time.
(Amax = 350 nm) on cABT nanosheets on silicon as measured by AFM. The insets show
AFM height images and section analysis of PS carpet edges after a polymerization time
of 1 h (left) and 4 h (right).

Ex situ kinetic studies of the SIPGP of styrene were performed on individual
CABPT/silicon samples after different UV irradiation times (0.5-16 h). In Figure
5.12, the dry PS carpet thickness (hy) is plotted as a function of the UV irradiation
time. The thickness of the PS carpets was determined by AFM measurements on
the carpet edges.

For polymerization times below 4 h, an almost constant growth rate of 35 nm.h*
is observed. However, the growth rate of the carpet thickness decreases at longer
polymerization times. This behavior is in agreement with previous reports on

SIPGP.'%! These kinetic investigations show that the polymer membrane thick-
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ness can be very precisely controlled over a wide range, by varying the polymeri-

zation time.
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Figure 5.13 True to scale 3D representations and section analysis of AFM measurements

of PS carpet prepared by the SIPGP of styrene on cABT nanosheets on silicon for (a) 0.5

h, () 1h, (c) 2 h, (d) 4 h, () 8 hand (f) 16 h.
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Investigations by AFM of the PS carpets’ morphology revealed that at polymeri-
zation times below 1 h, homogeneous and very flat films were formed with a
roughness of less than 2.5 nm rms (Figure 5.13a-b). However, at longer polymeri-
zation times, a significant increase in roughness of the PS carpet was observed.
Figure 5.13 shows the formation of a wavy film structure with increasing buckling
amplitude after longer polymerization times. This indicates that the film rough-
ness is not due to e.g. inhomogeneous reaction conditions or contamination, but to
buckling of the PS carpets. After a polymerization time of 16 h, the polymer car-
pet thickness could not be determined accurately by AFM measurements due to
the high buckling amplitude (the surface roughness reached 575 nm rms). Figure
5.13 shows three-dimensional true to scale representations of the PS carpets after
different polymerization times.

The PS carpets were further investigated by establishing the static and dynamic
water contact angle. Table 5.1 shows that the static water contact angle (65) and
difference between the water advancing and receding contact angles (contact an-
gle hysteresis: AO = 0, - 6;) increases with the surface roughness. The advancing
water contact angle is approximately 95° for a flat PS carpet. However, the PS
carpet prepared by the SIPGP of styrene for 16 h is highly hydrophobic and has an
advancing water contact angle of 146°. The results of contact angle measurement

for all polymer carpets of different deposition time are shown in table 5.1.
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Table 5.1.Contact angle measurement for all polymer carpets of different deposi-

tion time.
polymerization layer roughness 6, 6, 6, A6
time (h) thickness (nm) rms(nm) (deg) (deg) (deg) (deg)
a) 05 197 16 95 95 82 13
b) 1 467 25 90 99 80 19
c) 2 67 £9 1" 95 95 75 20
d) 4 138 £ 15 39 95 95 76 19
e) 8 195 +30 62 100 105 0 105
f) 16 - 575 135 146 0 146

Besides styrene, a broad variety of vinyl monomers can be grafted by the SIPGP
process.!128 135 1381 Thjs allows for the preparation of polymer carpets with differ-
ent properties and functionalities. Up to now, we have successfully tested methyl
methacrylate (MMA) and 4-vinyl pyridine (4VP) on cABPT nanosheets. The
growth rate of polymer carpet thickness was specific for each monomer and corre-
lates roughly with the rate of polymerization of the monomer in solution. For ex-
ample, after 3 h of irradiation, MMA gave a 485 + 18 nm thick PMMA carpets
and 4VP gave a P4VP carpet thickness of 150 £ 11 nm after 19 h of irradiation.
The successful conversion of the cCABPT nanosheets into PS, PMMA and P4VP
was further confirmed by Fourier transform infrared (FTIR) spectroscopy (Fig.

5.14).
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Figure 5.14 FTIR spectra of a) polystyrene, b) poly(4-vinyl pyridine) and c) poly(methyl
methacrylate) nanocarpets prepared by the SIPGP of respectively styrene (irradiation time
= 8 h), 4-vinyl pyridine (irradiation time = 19.5 h) and methyl methacrylate (irradiation
time = 3 h) on cABT nanosheets deposited on a silicon wafer. The absorption bands are

in agreement with the characteristic FTIR spectra for these polymers.

Buckling of thin supported films is well-known.""*! Especially strain induced
buckling has been the subject of many studies.****%2 In general, a thin film is
adhered to a soft elastic substrate. Lateral compression of the substrate results in
buckling of the film. Compressive stresses can be caused mechanically as well as
thermally. The polymer carpets prepared by the SIPGP of vinyl monomers on
CABPT nanosheets are comparable to these well studied systems. Polymer carpets

are composed of a thin fully cross-linked and stiff biphenyl nanosheet on which
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more flexible polymer brushes are grafted. The collapse of the polymer brush due
to the changes in the environment (from bulk monomer and good solvents used
for carpet cleaning to air) results in significant stress within the film. Such stress
can occur due to the confinement effects in poor solvent conditions if the layer
thickness is below the free extension of the chains.****3! In such a case the brush
tends to develop instabilities which can at least partially be compensated by
crumpling of a flexible substrate. Since the flexible polymer brush is linked to a
cross-linked nanosheet that cannot compensate for the lateral stress, the entire
carpet locally detaches from the rigid support and buckles. In other words, the
buckling of these polymer carpets is caused by the lateral stress within this asym-
metric layer due to swelling/collapsing of the polymer brush layer in good/poor
solvents or in the dry state.

To verify this hypothesis, we investigated a P4VP carpet by AFM in ‘good’ and
‘bad’ solvents. P4VP carpets were prepared by the SIPGP of 4VP for 19 h on a
CABPT nanosheet deposited on a native silicon wafer. After the polymerization,
the substrate was thoroughly rinsed with ethanol and directly placed in an AFM
liquid cell. The P4VP carpet was first measured in ethanol, which is a good sol-
vent for P4VP (Fig. 5.15a). No buckling was observed here and a surface rough-
ness of 5.1 nm rms was measured. However, when ethanol was replaced by water,
clear buckling of the P4VP carpets could be observed and the surface roughness
increased up to 273 nm rms (Fig. 5.15b). Water at neutral pH is a poor solvent for
P4VP and causes the collapse of the polymer brushes. When placed in ethanol

again, the P4VP unbuckled and a surface roughness of 5.0 nm rms was measured.
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a) EtOH by H,OpH=7 ¢ H,0pH=25

0
Figure 5.15 Photographs (above) and AFM measurements (below) of P4VP carpets in a)

ethanol, b) water at pH 7 and ¢) water at pH 2.5.

Buckling and unbuckling the P4VP carpet by exchanging good and bad solvents
was performed 3 times without any noticeable damage of the polymer layer, indi-
cating a reversible transition. Apparently, the polymer carpets only buckle when
the polymer brushes are in the collapsed state (in a poor solvent or in the dry
state).

To investigate if this buckling/unbuckling transition is visible with the naked eye,
we prepared -under identical reaction conditions- a P4VP carpet on a glass sub-
strate. The optical photograph in Fig. 5.15a shows that P4VP carpet is almost in-
visible when placed in ethanol. However, the entire polymer carpet becomes
clearly visible when placed in water due to the diffraction of light on the very
rough polymer carpet surface. The same transition from invisible to visible was
observed for PS carpets when placed in good or poor solvents. Furthermore, we

observed in all experiments that the transition from a visibly buckled polymer
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carpet to an invisible unbuckled carpet was instantaneous, indicating a very fast
(sub-second) cooperative response of the entire membrane. In order to demon-
strate the potential application of polymer carpet based sensors, we studied the
effect of pH on a P4VP carpet. Fig. 5.15¢ shows that at a pH below the pK, of
P4VP, the polymer carpet unbuckles and becomes almost invisible. This is be-
cause below a pH of 5.5, the pyridine group is protonated and P4VP becomes so-
luble in water. However, when the pH increases above 5.5, the carpet buckles and
becomes clearly visible again. This unexpected, fast, visible and reversible transi-
tion of polymer carpets toward a (chemical) stimulus could be applied in the de-

velopment of new types of sensors or displays.

5.2.2. Freestanding homogenous polymer sheets

Freestanding polymer carpets with macroscopic lateral dimensions and thick-
nesses between 10 and 200 nm were prepared by a sacrificial layer approach as
shown schematically in figure 5.16: First, the SIPGP of styrene was performed on
5x5 mm? cross-linked ABPT nanosheets absorbed on silicon wafers coated with a
100 nm thick sacrificial silicon nitride layer. The samples were successively im-
mersed in an aqueous hydrofluoric acid (HF) solution to dissolve the sacrificial
underlayer and release the polymer carpets. The entire 5x5 mm? self-supporting
PS carpets floated in the aqueous solution and were easily transferable onto a

copper trans mission electron microscopy (TEM) grid with hexagonal holes with a
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Figure 5.16 Scheme of the preparation of polymer carpets. a) A cross-linked 4’-amino-
1,1’-biphenyl-4-thiol (cCABPT) SAM is prepared by electron irradiation of 4’-nitro-1,1°-
biphenyl-4-thiol (NBPT) and b) detached by dissolving the gold substrate with a KI/I,
solution. ¢) The nanosheet is deposited on a silicon substrate with thin silicon oxide or

silicon nitride layer. d) Supported polymer carpets are obtained by SIPGP of a vinyl mo-
nomer (styrene, 4-vinylpyridine or methyl methacrylate). e) Freestanding polymer carpets
are obtained by dissolving the underlying layer (SizN,) with HF.
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diameter of 50 um (Fig. 5.17) or onto a silicon substrate having a central micron-
sized rectangular hole used for bulge tests (Fig. 5.18). It is noteworthy that these
ultrathin free-standing membranes were robust enough to sustain solution treat-
ment during transfer (aqueous HF, water and ethanol), high vacuum during TEM
measurements, mechanical stresses during the mechanical tests and long storage
(several months). Both optical and mechanical characterization of freestanding

polymer sheets has been performed.

5.2.2.1 Optical characterization

The optical properties of freestanding polymer sheets are measured by determin-
ing the transmittance of polymer sheets with scanning transmission electron mi-
croscopy (STEM). Fig. 5.17 shows a photograph, optical micrograph as well as a
scanning transmission electron microscopy (STEM) image of a PS carpet trans-
ferred onto a TEM grid. The optical micrograph (Fig. 5.17a) shows that the TEM
grid holes are fully covered with the PS carpet without any defects or cracks. Fig.
5.17b shows the STEM image of a partially covered TEM grid opening at the car-
pet edge. Quantification of the electron intensities in Fig. 5.17c allows the calcula-

tion of the electron transmittance (T) through the PS carpet:

LI (T (T T (Eq. 5.1),
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where I, Iy and Ig the electron intensities of the carpet, the uncovered opening and

the copper bar shadow respectively. If the membrane thickness is known, the elec-

tron attenuation length, A, (which is inversely proportional to the mass density),

can directly be derived from transmittance (T).
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Figure 5.17 (a) Photograph, (b) optical micrograph and (c) STEM image of freestanding

PS carpets. (d) The transmittance of 20 keV electrons was determined from STEM im-

ages of PS carpet edges such as in (c). An attenuation length (Aps) of 36.8 nm (red solid

line) + 2.6 nm (dashed lines) was calculated. () STEM image of a freestanding PS carpet

at higher magnification.

In Fig. 5.17d, T values are plotted as a function of the PS carpet thickness, which

was previously measured by AFM. The electron attenuation length (at 20 kV) of

PS carpets was found to be about 37 nm and independent of layer thickness. This

is in agreement with the attenuation length of 20 kV electrons in bulk polystyrene
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(40 nm)™7 and it can thus be concluded that the mass density of the PS carpets is
almost identical to that of in bulk PS. It is noteworthy that also here, thicker
polymer carpets could not be measured accurately by AFM due to the high buck-
ling amplitude. However, assuming a constant attenuation length, electron trans-
mittance measurements allows one to determine the layer thickness of thicker po-
lymer carpets directly (Fig. 5.17d).

The STEM micrographs of thick freestanding PS carpets (>100 nm) in Fig. 5.17e
show buckling of the layer. It is worth noting that for identical PS carpets,
stronger buckling was observed for freestanding polymer carpets than for ab-
sorbed carpets. This indicates that VVan der Waals interaction between the polymer

carpet and the substrate probably partially inhibits the film from buckling.

5.2.2.2. Mechanical Behaviour

The micromechanical behaviour of polymer carpets was investigated using a
bulge test setup. PS carpets of different thickness were transferred onto a silicon
substrate with a central rectangular window of 30x40 um?. The samples were suc-
cessively airtight mounted onto a home-build pressure cell' as shown schemati-
cally in Fig. 5.18a. A differential pressure between the two sides of the polymer
carpet was applied and the resulting deflection was measured with AFM. Fig.
5.18a shows the resulting pressure-deflection-curve of a 15 nm thick PS carpet.

The response of the polymer carpet is clearly nonlinear and consistent with the
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theoretical prediction for the elastic deformation of a thin film in the membrane
regime under tension where internal stresses control the mechanical behavior of
the layer."®! The experimental data was fitted with an adequate expression yield-
ing the Young’s modulus (E) and the membrane’s residual stress at zero pres-
sure.™ The values of the elastic modulus for PS carpets with various thicknesses
using this theoretical model were found to be between 2.0 and 3.0 GPa (Fig. 7b).
These moduli are much higher than the values recently reported for highly cross-
linked organic/inorganic interpenetrating nanomembranes.[**? These remarkable
large values indicate the absence of significant mechanical defects or chinks
(cracks, clefts or fissure) within the entire freestanding polymer carpet layer, de-
spite their nanoscale thicknesses down to 10 nm. Fig. 5.18b shows a clear depend-

ency between the Young’s modulus and the polymer carpet layer thickness.
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Figure 5.18 Bulging tests with freestanding polymer carpets yield their Young’s mod-
ulus. (a) The applied pressure as function of the carpet deflection follows equation 1. This
allows the extraction of the Young’s modulus. The inset shows a scheme of the mea-
surement setup. (b) The Young’s modulus of polystyrene carpets of different thicknesses

with (blue squares) and without (red circles) the biphenyl monolayer.

62



Results and discussion

It must be pointed out that a polymer carpet is a composite membrane consisting
of a cross-linked biphenyl monolayer with a soft polymer brush layer and that the
measured elastic modulus is a thickness weighted average between the two com-
pounds.**! Since the Young’s modulus of a single 1 nm thick cross-linked biphe-
nyl monolayer is known to be 12 GPa, the Young’s modulus of the PS component
could be calculated (red circles in Figure 5.18b). For the thinnest polymer carpet,
a modulus of 0.8 GPa was found for the PS brush compound which is far below
the PS bulk value of 3.0 GPa.**! However, thicker PS brush layers reach almost
the same Young’s modulus as bulk PS. This behaviour corroborates recent find-
ings on PS brushes on solid substrate by Tsukruk et al.l**Y Tsukruk et al. also re-
ported that, the Young’s modulus of the PS brush layer increased with increasing
layer thickness and saturates at the bulk value of polystyrene. It is believed that
the level of ordering in the PS chains and the spatial constraints are responsible
for the weaker resistance of thin brush layers. Nevertheless, these experiments
demonstrate that the micromechanical properties of polymer carpets can be con-
trolled easily by varying the polymer brush layer thickness which can be very
precisely controlled over a wide range by varying the SIPGP reaction time as al-

ready shown in Fig. 5.13.
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5.2.2.3. Summary

The fabrication of self-supporting membranes is reported, membranes with mac-
roscopic lateral dimensions and nanoscale thicknesses consisting of a highly
cross-linked monolayer and a soft polymer brush layer, forming a new type of
material so-called polymer carpets. These polymer carpets were found to exhibit
remarkable and unprecedented properties combining extreme thinness, mechani-
cal and chemical stability, robustness, flexibility and (chemical) sensitivity.
Moreover, it was found that the morphology of polymer carpets was driven by
interactions between the sensitive brush layer and its environment. By an external
chemical stimulus, it was possible to reversibly buckle and unbuckle entire poly-
mer carpet films. This unexpected and to our best knowledge unprecedented re-
versible conformational change of macroscopic polymer nanomembranes toward
an external stimulus was found to be fast and was clearly visible with the naked
eye. This intriguing cooperative conformational change could be applied in the
development of new types of sensors, displays and micromechanical systems.
Furthermore, the two step procedure (electron beam induced SAM crosslinking
followed by SIPGP) for the preparation of polymer carpets allows the introduction
of multiple chemical functionalities within the layer by varying the monomer or
by polymer analogue reactions of grafted polymer chains. Furthermore, the poly-
mer carpet thickness as well as its mechanical properties can be controlled pre-
cisely by varying polymerization time. Finally, while we have focussed in this

work on the synthesis and characterization of macroscopic and homogeneous

64



Results and discussion

polymer carpets, this two-step approach can potentially be applied in the fabrica-
tion of structured, mixed as well as gradient polymer carpets at the micrometer
and nanometer scale, since the electron beam induced crosslinking of SAMs by
direct writing with a focussed electron beam can be achieved with almost molecu-
lar precision. This further expands the variability and scope of this new class of

materials and opens a wide variety of potential applications.
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5.3. Grafting polymers on structured nanosheets

In the previous section, we have demonstrated the fabrication of fully cross-linked
and chemically patterned monolayers on gold substrates generated by electron
beam chemical lithography. Such a FCCP monolayer can be lifted off by dissolu-
tion of the gold substrate, resulting in a patterned FCCP nanosheet. This FCCP
nanosheet can be used as a template for the fabrication of structured, mixed as
well as gradient polymer carpets at micrometer and nanometer scale. The patterns
generated by EBCL can be achieved with almost molecular precision and thus,
offer superior resolution. In this section, the fabrication of structured polymer

brushes and freestanding patterned polymer sheets is presented.

5.3.1. non-FCCP sheet

NBPT SAMs were first prepared on gold. The SAMs were structured by EBCL
with an electron flood gun through a stencil mask to generate a pattern of cross-
linked ABPT and non-cross-linked NBPT areas. Non-FCCP sheets were obtained
by directly transferring patterned NBPT SAMs on silicone oxide surface. Subse-
quent SIPGP was done to grow polymer brushes on chemically patterned nano-
sheets. Three different experiments were done with identical irradiation parame-

ters using 100 eV electron energy and electron dose of 50mC/cm?.
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In our first experiment, a patterned ABPT nanosheet was immersed in a styrene
solution and irradiated for 1 hour. Figure 5.19 shows the optical image of a pat-
terned ABPT nanosheet. Before polymerization, patterns are already visible to the
naked eye. This might be due to a big different of reflection between cross-linked
ABPT and silicon surfaces that give a higher contrast. After SIPGP of styrene for
1 hour, the thicker PS brushes give an even higher contrast and each single PS dot
is even observable (Fig. 5.19b). This indicates that a high grafting density of PS

brushes was achieved.

(a)
(b)

Figure 5.19 Optical images of a non-FCCP nanosheet (a) before, and (b) after SIPGP of

styrene for 1 h. Structures are visible by the naked eye.
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As pointed before, SIPGP can only occur in cross-linked ABPT areas: the mono-
mer (styrene)!%% 126 1271 ahsorbs a photon and acts as photosensitizer to activate
functionality of a surface by hydrogen abstraction. The radical formed on the
amino groups initiates the free radical polymerization. Polymer brushes were se-
lectively grafted on patterned areas. As apparent from figure 5.20, the height of

PS brush obtained by SIPGP is 162nm.
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Figure 5.20 a) AFM scan area of 20 x 20 um?® of PS brushes grafted on patterned nano-

sheet; b. 3D representation of single PS dot; c) line profile of PS dots from (a).
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For a second experiment, methylmetacrylate was used as the monomer. The pat-
terned ABPT sheet was submerged in a MMA solution and irradiated for 30 mi-

nutes.
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Figure 5.21 a) AFM image of 20 x 20 um? PMMA grafted on patterned nanosheet. b) 3D
representation of single PMMA dot shows a smooth shape, indicating homogenous elec-

tron irradiation as well as polymerization. c) Line profiles from two different areas.

The sample was then scanned with AFM. A polymer layer of 185 nm was meas-
ured. A line profile from different area gives a similar value, indicating homo-

geneity of the PMMA brush.
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In the last experiment, 4-vinyl-pyridine was used. A layer of P4VP brushes of 60

nm was obtained after 1 h polymerization, as shown by figure 5.22.
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c)
Figure 5.22 a) AFM scans of 10x10 um? area of structured P4VP brushes, b) 3D repre-
sentation of single P4VP dot, and c) line profile of P4VP dots.

The result on the thickness measurements is shown | Table 5.2; it shows that
PMMA brushes are thicker than PS brushes. This can be explained as MMA has a
higher growth rate (kq) than styrene™” whereas 4-vinyl-pyridine has the lowest
ky. Steenackers et al. have reported the value of growth rate for several mono-

mers.?%
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Table 5.2. Thickness of different polymer layer obtained by SIPGP.

Monomer Polymerization time Thickness
Styrene 1 hour 162 nm
MMA 30 minutes 185 nm
4-Vinyl-Pyridine 1 hour 60 nm

As shown, all single polymer brush dots have a regular smooth shape. This indi-
cates that homogenous electron irradiation during patterning the SAMs by EBCL
was achieved. As a result, patterned polymer brushes were fabricated at superior

resolution.

5.3.2. Grafting polymers on FCCP nanosheet

As presented in section 5.1.3, patterned FCCP nanosheet, both positive and nega-
tive, can be fabricated from FCCP monolayerst**? after dissolution of the gold
substrate. These FCCP nanosheets can be used as a template for the fabrication of
well defined, structured polymer brushes. Since the patterned nanosheets are fully
cross-linked, it will be possible to obtain freestanding patterned polymer brushes.

Both positive and negative FCCP nanosheets were fabricated using the procedure
described in sections 5.1 and 5.3. Polymerization for both patterned samples was
performed under identical conditions. Both samples were immersed in a solution

of styrene and irradiated with UV-light for 30 minutes. A mask with circular
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opening with diameter of 2.4 um (quantifoil mask R1.2/1.3) was used to generate
patterns. For positive FCCP nanosheet, as shown in fig. 5.23 , patterns are CABPT

while the adjacent areas are cBPT.

a)

b)

Height (nm)

0 2 4 6 8 10
Area (um)

Figure 5.23 Positive FCCP nanosheet after SIPGP of styrene for 30 minutes. a) optical
image, b) 10 x 10 pm AFM image and c) line profile. Amino terminated areas (circular
patterns) appear higher ~10 nm. This indicates that styrene has a tendency to couple to

amino group.
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AFM measurement at the edge of sample shows that PS brushes were grafted not
only on cCABPT pattern areas, but also on cBPT. cBPT can also provide hydrogen
radical abstraction. Thus, the radical on cBPT can also initiate free radical poly-
merization. However, cBPT has a R-H bond dissociation energy (BDE) of 111
kcal/mol compared to only 89.3 kcal/mol for cABPT?%. Bond dissociation energy
is the amount of energy of the surface which has to be overcome by the potential
energy of the photoactivated monomer to enable photopolymerization to take
place. The lower the BDE of the surface, the easier it is for a monomer to form
radicals on that surface and initiate polymerization.

If the potential energy of the photoactivated monomer is lower than surface BDE,
no polymerization occurs.’® Since cABPT has a lower BDE than cBPT, styrene
is more favorable to couple to amino groups. That is why a height increase of
amino terminated areas was still observed. As seen in figure 5.23, pattern cCABPT
areas appear higher. The measured height difference between cABPT and cBPT
after polymerization is ~10 nm.

A Negative pattern FCCP nanosheet has been also used as template for polymeri-
zation. As expected, after polymerization of styrene for 30 minutes, the adjacent
areas -which are amino terminated groups- appear higher than the circular patterns
of cBPT, giving a depth profile. The AFM image in figure 5.24 shows that the
measured height difference, or the depth, between cABPT and cBPT is ~12 nm.

This result is in agreement with a positive pattern.
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a)

b)

Height (nm)
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Figure 5.24 Negative FCCP nanosheet after SIPGP of styrene for 30 minutes. a) Optical

image, b) AFM image of 10 x 10 um scan area, and c) line profile. Amino groups appear
~12 nm higher than pattern cBPT, giving a depth profile.
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5.3.3. Freestanding patterned polymer sheet

For fabrication of freestanding patterned polymer brushes, both positive and nega-
tive patterned FCCP nanosheets were used as templates for polymerization. After
dissolution of the sacrificial layer, the patterned polymer sheet can be transferred
for example to a TEM grid with hexagonal holes or silicon windows. For many
occasion, no problem is encountered while transferring a negative patterned po-
lymer sheet on TEM grid, whilst positive patterned sheets were always broken.
The negative pattern polymer sheet was found to be more stable than the positive
one. This may be explained as follows: in a negative pattern, PS brushes are
grafted on the adjacent regions which cover more areas compared to the pattern
areas. The thickness of polymer brushes compensates for the thinness of pattern
areas. This enhances the mechanical stability of the layer. In a positive pattern, PS
brushes are only on pattern areas, whilst the adjacent regions are thinner, thus, the
positive patterned brush is more fragile. This likely explains why the positive pat-
terned brushes are often broken during transfer to TEM grid. Figure 5.25, shows
optical images of freestanding negative patterned polystyrene brushes on a TEM
grid with hexagonal openings with a diameter of ~50 um. This sample was ob-
tained from dissolution of the gold substrate of the sample shown in figure 5.24.
The patterned layer was stable enough to cover a TEM grid up to several millime-
ters. The optical images were taken from the same sample with different resolu-
tion. No optical enhancement was performed to obtain the high resolution image

of the polymer layer.
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Figure 5.25 Optical images of freestanding negative patterned nanosheet for the corres-

ponding sample shown in fig. 5.24.

Optical images show a sharp contrast and a good resolution between polymer
brushes on adjacent and pattern areas. Patterns are also clearly visible. The black
dots refer to the depth profiles or the holes created by the height difference be-
tween the adjacent CABPT and the pattern cBPT. Thus, the optical image reflects
and is in agreement with AFM results (AFM shows that a negative pattern poly-
mer sheet has a depth profile, indicating that the pattern cBPT is lower than the

adjacent areas).
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Another attempt to fabricate freestanding positive patterned polymer brushes was
done. A positive patterned FCC nanosheet was immersed in a solution of styrene
for 4 hours. The longer polymerization time was considered, expecting that thick-
er positive patterned brushes would be obtained. To our surprise, a negative-like

pattern was observed.
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Figure 5.26 AFM image of positive pattern after 4 hours polymerization with styrene.
Instead of positive brush pattern, negative patterned brush obtained, with the circular
patterns appear 33 nm lower.

On a positive pattern, patterns are amino terminal groups while the adjacent areas

are cBPT. However, our result showed differently, the adjacent areas appear high-
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er than the dot patterns, creating hole structures where the depth of a single hole is
~33 nm. It is difficult to find a direct explanation. An AFM measurement made at
the edge of the sample shows a thickness difference of ~53 nm between the adja-
cent region and the bare silicon area, as shown in figure 5.27. Since the depth of
the hole is ~33 nm, it gives a thickness difference of 20 nm between the amino
part and bare silicon. This means PS brushes of 20 nm was grafted on amino
areas. In short, during the 4 hour polymerization, styrene was first coupled to pat-
tern areas. When saturation was reached, styrene covered on the whole nanosheet.
This might be a possible explanation for the negative pattern-like PS brushes we
obtained on a positive patterned sheet. Further investigation needs to be carried

out to corroborate this explanation.
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Figure 5.27 AFM scans the edge sample. A height difference of ~53 nm was obtained

between the adjacent area and the bare silicon substrate.

A freestanding patterned polymer sheet was obtained by transferring the sample
onto a TEM grid. The thicker PS layer has an increased mechanical stability. A

TEM grid with bigger hexagonal holes with a diameter of 125 pm was used. The

/8
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optical images of the freestanding polymer sheet are shown in figure 5.28. A
sharp contrast was obtained. In agreement with AFM, the patterns appear darker

higher. Due to the high contrast, a single dot pattern is also observable.

Figure 5.28 Optical images of different resolution of freestanding patterned PS brushes.

5.3.4. Summary

We have shown the fabrication of freestanding patterned polymer brushes by
combining patterned FCCP nanosheet and SIPGP. The polymer layer is mechani-
cally stable enough to enable transfer to the larger opening of a TEM grid. A
higher pattern resolution and almost defect-free on large areas of freestanding

sheet have achieved.
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6. Conclusions and Outlook

This work deals with the preparation and fabrication of freestanding polymer
brushes both homogenous and patterned.

A fully cross-linked and chemically patterned monolayer has been fabricated by
means of EBCL and an exchange process between two aromatic molecules. EBCL
is a powerful patterning tool which offers high selectivity, flexibility and high
resolution. An electron beam induces crosslinking in the monolayer. This en-
hances the mechanical stability of the monolayer; hence, it is possible to release
the monolayer by dissolution of its substrate. This results in a flat and two dimen-
sionally extended layer which is better known as a nanosheet. Both homogenous
and patterned nanosheets can be fabricated. Nanosheets are extremely stable, me-
chanically and thermally. This makes them an excellent candidate for a template
for polymerization.

To fabricate freestanding polymer brushes, nanosheets combined with surface
initiated polymerization photografting photopolymerization (SIPGP) have been
utilized. The SIPGP technique offers a simple procedure for preparing polymer
brushes. In SIPGP, a SAM-modification step for the preparation of a surface-
bonded initiator is not needed. Hence, a tedious, tricky step in the preparation of
polymer brushes can be avoided and the polymerization process becomes simpli-

fied. The polymer grafts exhibit remarkable properties (optical, wetting) combin-
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ing extreme thinness, mechanical stability, robustness, flexibility and unprece-
dented chemical sensitivity.

Freestanding patterned polymer brushes were also fabricated by subsequent
SIPGP on a FCCP nanosheet. Patterned brushes with a high resolution as well as
with a large almost defect-free area can be achieved.

Freestanding polymers respond faster as a result of the isolation from the support-
ing substrate. This will make them excellent materials for surface-based sensors,
nanoactuators, MEMs and for cell adhesion studies. Negative patterned polymer
brushes can be used for particle-based diagnostic in microfluidic systems. The
hole sites can be used as a dock site to capture and or release particles.

The work presented in this thesis offers a simple route for polymerization and
may lead to a new technology platform in the fabrication of freestanding polymer
brushes both homogenous and patterned. The results may play important role in
the development of new surface-based technology. Furthermore, freestanding po-
lymers may open a new perspective in understanding two dimensional polymeric

systems.
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Abbrevations

Abbreviations

2D (3D) 2 (3) Dimension

4VP 4-vinylpyridine

AA acrylate acid

AFM atomic force microscopy

AIBN N,N-azobisisobutyronitril

ATR-FTIR attenuated total reflectance Fourier transform infrared
ATRP atom transfer radical polymerization

BDE bond dissociation energy

BP benzophenone

BPT 1,1°-biphenyl-4-thiol

CABPT crosslinked 4’-amino-1,1’-biphenyl-4-thiol
cBPT crosslinked BPT

DCM dichloromethane

DMF N,N- dimethylformamide

DP degree of polymerization

DPN dip pen nanolithography

DRIFT diffusion reflectance fourier transformation
EBCD electron beam induced carbon deposition
EBCDs electron beam induced carbon deposits

EBCL electron beam chemical lithography
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Abbrevations

Eq. equation

ETFE ethylene-co-tetrafluoroethylene
EUV extreme ultraviolet

eV electron volt

Fig. figure

FCCP fully crosslinked and chemically pattern
FWHM full width half maximum

GA glycidyl acrylate

HEA 2-hydroxyethyl acrylate

HEMA 2-hydroxyethyl methacrylate

IR infrared

LBL layer by layer

MAA methacrylic acid

mC micro Coulomb

MEMS microelectromechanical systems
NBPT 4’-nitro-1,1’-biphenyl-4-thiol
NMP nitroxide-mediated polymerization
NMR nuclear magnetic resonance

P4VP poly(4-vinylpyridine)

PDMS poly(dimethyl siloxane)

PE polyethylene

PET poly(ethylene terephthalate)

PMAA poly(methacrylic acid)
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Abbrevations

PMMA poly(methyl methacrylate)

PP polypropylene

PS polystyrene

PVC polyvinylchloride

RAFT reversible addition-fragmentation chain transfer polymerization
rms root-mean-square

SAM self-assembled monolayer

SEM scanning electron microscope

SIP surface-initiated polymerization

SIPGP self-initiated photografting and photopolymerization
SIPP surface-initiated photopolymerization

SPM scanning probe microscopy

St styrene

STEM scanning transmission electron micrsocopy

STM scanning tunneling microscopy

TEM transmission electrom microscopy

UV ultraviolet

XPS X-ray photoelectron spectroscopy

uCP microcontact printing
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Figure 2.1 Artistic impression of three different physical conformation of poly-
mers tethered on a surface: a) “mushroom”, b) “pancake”, and c) brush conforma-

tion (picture obtained from ref. [8]).

Figure 2.2. Different physical conformations of polymer chains tethered on sur-
face in the presence and absence of solvent: mushroom (left), brush-like (middle)

and collapsed conformation (right).

Figure 2.3. Schematic illustration of grafting to and grafting from process. In the
grafting to process, macromolecule polymers are readily attached to a surface
(a.l). As the coverage increased, the already attached polymer chains prevent fur-
ther attachment of polymer chains (a.ll). In the grafting from process, small mo-

nomer molecules (M) are grown from initiators (1) bound to the surface.

Figure 2.4 The energy diagram of a possible mechanism in bulk photografting of
styrene [St]. ®**®! S is the ground state, and S; is the lowest excited singlet state,
T, is the lowest triplet state A is absorption, F is Fluorescence, IC is internal con-

version, I1SC is intersystem crossing and P is phosphorescence.

97



List of figures

Figure 2.5. Monomers that have been successfully grafted on PE substrates are:
styrene (St), acrylic acid (AA), methacrylic acid (MAA), glycidyl acrylate (GA),

2-hydroxyethyl acrylate (HEA), and 2-hydroxyethyl methacrylate (HEMA).

Figure 2.6. Scheme of electron induced crosslinking process in aromatic SAMs

(a) BPT and (b) NBPT SAMs (from ref. 64-66).

Figure 2.7 Schematic procedure of SIP patterned polystyrene brushes. NBPT
SAMs is exposed to an electron beam, generating patterns with terminal amino
groups (1). Next, diazotization and coupling with malonodinitrile gives a SAM
bearing an asymmetric azo initiator, CAMBPT (2-3). Finally, exposure to a vinyl
monomer (styrene) and heating at 80°C, radical polymerization occurs, resulting

in a polymer brush layer.

Figure 2.8. Structured polystyrene dots obtained by a combination of EBCL of
NBPT SAMs followed by a SIP process in patterns. a) SEM image of polystyrene
spots. The dark dots represent patterned areas where NBPT was converted into
CABPT, treated further to form cAMBPT, and where SIP of styrene takes place.
b) AFM image of small area of the same substrate, showing polystyrene spots of
6nm thick.® Figure. 2.9. Preparation of structured polymer brushes by SIPGP.

Figure 2.10. Preparation of freestanding nanosheet.
Figure 4.1. Cartoon of a) BPT and b) NBPT SAMs.

Figure 4.2. Schematic illustration of SIPGP process on nanosheets and transfer

procedure for obtaining freestanding polymer carpets. Figure. 4.2. Schematic illu-
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stration of SIPGP process on nanosheets and transfer procedure for obtaining

freestanding polymer carpets.

Figure 5.1 Schematic fabrication of an exchange sample. First, a BPT sample is
patterned using a shadow mask with an irradiation dose of 20 mC/cm? (a-b). This
generates cross-linked and non-cross-linked regions. Immersion of the patterned
BPT sample into a NBPT solution leads to the exchange of non-cross-linked BPT
with NBPT (c). Finally, irradiation of the entire surface with a dose of 40 mC/cm?

leads to a fully cross-linked monolayer (d).

Figure 5.2 XPS spectra of an exchange sample at room temperature. (a) Carbon
peak, (b) Nitrogen peak, (c) Oxygen peak. Curve I, II, Il and IV immersion of
BPT SAM after 0, 24, 72 h in a NBPT solution, and direct NBPT deposition for

72 h, respectively.

Figure 5.3 The fabrication of FCCP SAMs. (a) The process starts with deposition
of NBPT SAMs on a gold surface for process A and BPT SAMs for B. (b) Local
electron irradiation of SAMs is performed, generating patterns between cross-
linked and non-cross-linked regions, (c) In non-cross-linked regions of SAMs,
thiols are exchanged with other biphenyl SAMs, (d) Final electron irradiation.

This procedure results in a fully cross-linked monolayer.

Figure 5.4 XPS monitoring of thiol exchange. (a) Process A: (I) SAM of NBPT
obtained by self-assembly on a bare gold surface; (I1) after 3 h immersion in a
solution of BPT in DMF at 55° C, the monolayer still contains ~70% NBPT; (111)

after one day of immersion, NBPT is completely replaced by BPT. (b) Process B:
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() BPT monolayer obtained by self-assembly on a bare gold surface; (I1) after one
day of immersion in a solution of NBPT in DMF at 55° C, the BPT SAM is al-
most completely (~90%) replaced by NBPT; (1) electron irradiation converts the

nitro into amino groups.

Figure 5.5 Kinetic of the exchange of NBPT for BPT (process A) and of BPT for
NBPT (process B) in DMF at 55 °C based on XPS data. The nitrogen/carbon-ratio
Rnc denominates Inc (after exchange) normalized to the value of Inc for a NBPT
SAM. Fitting the data with the equations for Langmuir Kinetics yields a three-

times-higher exchange rate constant km for process A in comparison to process B.

Figure 5.6 (a) AFM image (contact mode) showing the topography of a fully
cross-linked, chemically patterned monolayer obtained through process A. The
amino terminated areas (inside the circles) appear higher by ~3 A in comparison
to the BPT areas (outside the circles). (b) AFM topography of a fully cross-linked
chemically patterned monolayer obtained by process B. For the next step, a sur-

face functionality test on our FCCP monolayers has been performed.

Figure 5.7 AFM images (contact mode) showing the topography of a fully cross-
linked and chemically patterned monolayer after treatment with pentanoic acid
chloride in the presence of ethyldiisopropylamine. (a) Process A furnishes SAMs
with the amino terminated areas inside the circles. (b) Process B resulted in SAMs

with the amino terminated areas outside of the circles.

Figure 5.8. Optical microscopy images: (a) Stencil mask used for imposing a pat-

tern into BPT monolayer. This copper grid is coated by a 20 nm thin carbon foil
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with micron-sized elliptic and circular openings. (b) A fully cross-linked, chemi-
cally patterned monolayer after transfer onto a silicon dioxide surface. The mono-
layer covers almost the complete millimeter-sized field of view except for a small
region on the right side. (c) The pattern within the monolayer becomes visible
after a contrast enhancement. The BPT areas (circles and ellipses) have a slightly
higher contrast, which indicates an increased refractive index or a higher thick-

ness. This is consistent with the AFM images.

Figure 5.9 AFM images of positive pattern FCCP nanosheet: a) before b) after
functionalization with pentanoic acid chloride in the presence of ethyldiisopropy-

lamine in 1,2-dichloroethane solvent.

Figure 5.10 a) Schematic illustration of the preparation of polymer carpets. The
electron irradiation of the 4’-nitro-1-1’-biphenyl-4-thiol (NBPT) SAM on gold
results in a cross-linked 4’-amino-1,1’-biphenyl-4-thiol (CABPT) SAM. After
dissolution of the gold substrate and deposition onto a silicon wafer, a CABPT
nanosheet is obtained. Polymer carpets are obtained by SIPGP of a vinyl mono-
mer on the cCABPT nanosheet. Optical image of nanosheet (b) before c) after 4hr

polymerization of styrene. Both are at the same scale.

Figure 5.11 True to scale 3D representations of AFM measurements of PS carpet
edges on silicon. a) UV irradiation time: 0.5h; PS nanocarpet thickness: 19 + 7
nm. b) UV irradiation time: 16 h. Here, the PS nanocarpet thickness could not be
determined accurately by AFM due to the high buckling amplitude (approximate-

ly 1.5 pm rms).
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Figure 5.12 Thickness of the dry PS carpets (hq) as a function of the UV irradia-
tion time. (Amax = 350 nm) on cABT nanosheets on silicon as measured by AFM.
The insets show AFM height images and section analysis of PS carpet edges after

a polymerization time of 1 h (left) and 4 h (right).

Figure 5.13 True to scale 3D representations and section analysis of AFM mea-
surements of PS carpet prepared by the SIPGP of styrene on cCABT nanosheets on

silicon for (@) 0.5 h, (b) 1 h, (c) 2h, (d) 4 h, (¢) 8 hand (f) 16 h.

Figure 5.14 FTIR spectra of a) polystyrene, b) poly(4-vinyl pyridine) and c)
poly(methyl methacrylate) nanocarpets prepared by the SIPGP of respectively
styrene (irradiation time 8h), 4-vinyl pyridine (irradiation time 19.5 h) and methyl
methacrylate (irradiation time 3h) on cABT nanosheets deposited on a silicon
wafer. The absorption bands are in agreement with the characteristic FTIR spectra

for these polymers.

Figure 5.15 Photographs (above) and AFM measurements (below) of P4VP car-

pets in a) ethanol, b) water at pH 7 and c) water at pH 2.5

Figure 5.16 Scheme of the preparation of polymer carpets. a) A cross-linked 4°-
amino-1,1’-biphenyl-4-thiol (CABPT) SAM is prepared by electron irradiation of
4’-nitro-1,1’-biphenyl-4-thiol (NBPT) and b) detached by dissolving the gold sub-
strate with a Kl/I, solution. ¢) The nanosheet is deposited on a silicon substrate
with thin silicon oxide or silicon nitride layer. d) Supported polymer carpets are

obtained by SIPGP of a vinyl monomer (styrene, 4-vinylpyridine or methyl me-

102



List of figures

thacrylate). e) Freestanding polymer carpets are obtained by dissolving the under-

lying layer (SisN4) with HF.

Figure 5.17 (a) Photograph, (b) optical micrograph and (c) STEM image of frees-
tanding PS carpets. (d) The transmittance of 20 keV electrons was determined
from STEM images of PS carpet edges such as in (c). An attenuation length of
36.8 nm (red solid line) + 2.6 nm (dashed lines) was calculated. (¢) STEM image

of a freestanding PS carpet at higher magnification.

Figure 5.18 Bulging tests with freestanding polymer carpets yield their Young’s
modulus. (a) The applied pressure as function of the carpet deflection follows eg-
uation 1. This allows the extraction of the Young’s modulus. The inset shows a
scheme of the measurement setup. (b) The Young’s modulus of polystyrene car-
pets of different thicknesses with (blue squares) and without (red circles) the bi-

phenyl monolayer.

Figure 5.19 Optical images of a non FCCP nanosheet (a) before, and (b) after

SIPGP of styrene for 1h. Structures are visible by the naked eye.

Figure 5.20 a) AFM scan area of 20 x 20 pm? of PS brushes grafted on patterned

nanosheet; b. 3D representation of single PS dot; ¢) line profile of PS dots from

).

Figure 5.21 a) AFM image of 20 x 20 pm”* PMMA grafted on patterned nano-

sheet. b) 3D representation of single PMMA dot shows a smooth shape, indicating
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homogenous electron irradiation as well as polymerization. c) Line profiles from

two different areas.

Figure 5.22 a) AFM scans of 10x10 um? area of structured P4VP brushes, b) 3D
representation of single P4VP dot, and c) line profile of P4VP dots.

Figure 5.23 A positive FCCP nanosheet after SIPGP of styrene for 30 minutes.
Amino terminated areas (circular patterns) appear higher ~10 nm. This indicates

that styrene has tendency to couple to amino group.

Figure 5.24 Negative FCCP nanosheet after SIPGP of styrene for 30 minutes.

Amino groups appear ~12 nm higher than pattern cBPT, giving a depth profile.

Figure 5.25 Optical images of freestanding negative patterned nanosheet for the

corresponding sample shown in fig. 5.24.

Figure 5.26 AFM image of positive pattern after 4 h polymerization with styrene.
Instead of positive brush pattern, negative patterned brush obtained, with the cir-

cular patterns appear 33 nm lower.

Figure 5.27 AFM scans the edge sample. A height difference of ~53 nm was ob-

tained between the adjacent area and the bare silicon substrate.

Figure 5.28 Optical images of freestanding patterned PS brushes at different reso-

lution.
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