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areas. Fields in which such high-tech coatings are applied range from computer
chips [1] and hard disk manufacturing [2] to the use of special coatings in biomedi-
cal and aviation applications [3,4]. Accordingly, many different techniques have been
developed for the generation of protective coatings, and these will be discussed
further below.

Surface-initiated polymerization reactions as a new pathway for the preparation
of functional, high-tech coatings have recently received much attention [5,6]. This
technique is based on the growth of polymer molecules at the surface of a substrate
in situ from surface-bound initiators, which results in the attachment of polymer
molecules through covalent bonds to this substrate (Figure 1). Polymer layers in
which the polymer chains are irreversibly attached to the substrate are especially
attractive for a variety of applications, as such layers can have a good long-term sta-
bility, even in rather adverse environments. For example, it poses no problem to
expose surfaces with such surface-attached coatings to good solvents for the poly-
mers without being concerned that the polymer will be either dissolved or displaced,
and that the coating is more or less rapidly removed from the surface. In addition to
the issue of stability, the number of functional groups present at a surface can also
be greatly enhanced by connecting large polymer molecules with functional groups
to the surface instead of binding the functional groups directly to that surface. Such
a “skyscraper” approach allows high densities of functional groups to be obtained at
the surface of the substrate through moving from the strictly two-dimensional
arrangement of these groups present in typical surfaces to a more three-dimensional
situation. An example, which illustrates such a behavior is the attachment of DNA
probe molecules to surface-attached polymer chains, which can significantly
enhance the sensitivity of a DNA-chip (Figure 2).

Systems in which the polymer chains are attached with one end to a solid sub-
strate are very interesting, not only from a chemical but also from a physical point
of view. If the grafting density of the polymer molecules is very high, the polymer
chains adopt a rather unusual conformation wherein the individual coils overlap
[7–9]. Under these conditions, the polymer molecules are strongly stretched away
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Figure 1 Schematic depiction of the growth of polymer mole-
cules at a surface of a solid substrate through surface-initiated
polymerization.
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2 Coatings: From First Principles to High-Tech Applications

from the surface and achieve a molecular shape which is far from the typical ran-
dom coil conformation that polymer molecules assume in solution. Such surface-
attached films with strongly stretched chains are usually referred to as “polymer
brushes” [10]. Polymer brushes are very interesting systems, as the strong stretching
of the polymer chains leads to concurrent drastic changes in the physical properties
of the systems. For unstretched polymer chains, a slight molecular deformation
leads to a moderate increase of the energy stored in the system (entropy elasticity).
However, when the molecules are already strongly stretched – as is in the case of a
polymer brush – the energy penalty for the same small deformation is large.
Accordingly, in all situations where the stretching of the polymer chains is of con-
cern – for example, during the shearing of such surfaces or when the film is pene-
trated by other polymer chains from solution – very strong differences can be ob-
served to the behavior of free coils [11–13].

Whilst systems in which polymer chains have one end tethered to a substrate
appeared some years ago to be quite exotic, and significant doubts persisted that
such brushes with high grafting densities could be obtained in practice, the develop-
ment of methods where polymers are grown directly on the surface of a substrate by
using surface-initiated polymerization has led to a large number of such systems
becoming available.

However, before describing more detailed aspects of surface-initiated polymeriza-
tion, more general aspects of coatings will be briefly discussed.

2
Coatings: From First Principles to High-Tech Applications

For a large number of chemical and physical processes – both in daily life and in
technical applications – the bulk properties of a material as well as the structure
and composition of its surfaces determine the performance of the entire system. In
order to control the interaction of a material with its environment, coatings consist-
ing of thin organic films are frequently applied to the surfaces of these solids (Fig-
ure 3). In many cases, the coating serves simply as a barrier against a hostile envi-
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Figure 2 Fluorescence image obtained from a DNA chip based
on a oligonucleotide functionalized polymer brush. The pattern
and the intensity of the spots allows for the determination of the
sequence of the unknown analyte-DNA.

2 Coatings: From First Principles to High-Tech Applications

generated by this damage leads to rapid failure of the disk. However, if a film of a
perfluoropolyether of typically only 2–4 nm thickness is attached to the disk, the tri-
bological properties are greatly improved, the wear is reduced, and the mean time to
failure of the disk is greatly prolonged (Figure 4).

A second example where ultrathin organic coatings control the performance of
the whole system is the control of interface properties of materials in contact with
blood. If artificial materials are brought into contact with blood, then blood proteins
such as fibrinogen adsorb very rapidly to the surfaces of the implant or sensor sur-
face, followed by the adhesion of blood cells to these protein layers. This reaction
cascade leads almost immediately to strong changes of the surface composition of
the active surfaces of the sensor or implant. After a short period of time, blood clots
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a) b)

Figure 4 (a) Computer hard disks are protected
against mechanical wear by ultrathin layers of per-
fluorinated polymers. (b) Hard disk in an acceler-
ated wear test: (i) unlubricated and (ii) after appli-
cation of 1.5 nm chemisorbed and 1 nm physi-
sorbed lubricant; the high friction coefficient and

the strong noise indicate a strong stick-slip
behavior, which is the beginning of a catastrophic
failure of the system. (Reprinted with kind permis-
sion from Ref. [2];!American Society of Mechani-
cal Engineering, 1996.)

Figure 5 SEM image of a fibrin
network and thrombocytes
on the surface of an artifical
heart value (picture courtesy of
Dr. A. Schlitt, University Hospi-
tal Mainz, Germany).
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than the radius of gyration of the same unperturbed chains not in contact with the
surface (Figure 14). If both the interaction energy resulting from binary monomer–
monomer interactions and the elastic energy of a Gaussian chain are calculated and
minimized in respect to the brush height h, the following equation is obtained for
brushes in a good solvent:

h ~ N ! r1/3 (2)

In a poor solvent – that is, close to H conditions – the exponent describing the
influence of the grafting density is slightly different and

h ~ N ! r1/2 (3)

is obtained. It should be noted, that in both cases the brush height scales linearly
with the degree of polymerization/molecular weight of the polymer molecules,
which is a much stronger dependency than that of the size of a polymer coil in solu-
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Figure 14 Schematic illustration of the Alexander
model for the theoretic description of polymer
brushes. The chain segments with the “blobs”
(indicated by the circles) behave as random
(“Gaussian”) coils. (d represents the average dis-
tance between anchor points.)

Figure 15 Schematic illustration of segment density profiles for
surface-attached polymers in different regimes. For details, see
the text (adopted from [9]).
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In some of these applications the intrinsic limitations of this strictly 2D arrange-
ment of the functional groups are evident: the maximal surface density of the func-
tional moieties is limited by the surface area cross-section of the assembled unit. In
some cases it is even lower than the arrangement of the individual functional units
at such high packing densities in some cases leads to a mutual blocking or, at least,
to a limited accessibility. One obvious solution to the above problem is the extension
into the third dimension – that is, the use of polymers carrying the functional
groups along the chain, thus generating higher cross-sectional densities of these
groups and simultaneously guaranteeing good accessibility.

4
Surface-Attached Polymers

Most approaches which aim at attaching polymers to a surface use a system where
the polymer carries an “anchor” group either as an end group or in a side chain.
This anchor group can be reacted with appropriate sites at the substrate surface,
thus yielding surface-attached monolayers of polymer molecules (termed “grafting
to”) (Figure 9) [32–37]. While the attachment of terminally functionalized polymers
to the surface leads to layers, where one group is connected to the surface, side chain
attachment usually leads to multiple attachment points and, accordingly, a rather
flat conformation of the polymer molecules. In the latter case, the functional
groups of different molecules compete for reactive sites on the surface, and
accordingly the amount of polymer which can be immobilized depends strongly on
the reaction conditions, and especially on the concentration of the polymer in
solution.

This chemical linking of polymers to a substrate surface is, in principle, closely
related to the formation of self-assembled monolayers of low molecular-weight com-
pounds described above. Accordingly, if such (end)functionalized polymers are avail-
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a) b) c)

Figure 9 Schematic illustration of different processes used
for the attachment of polymers to surfaces: (a) “grafting to”;
(b) grafting via incorporation of surface-bound monomeric
units; (c) “grafting from/surface-initiated polymerization”.grafting to grafting from

grafting via
surface monomeric

units
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1.1
Introduction

Recently, the synthesis of polymer brushes has garnered attention, due in part to
their unique properties and applications [1–4]. Colloidal stabilization [5], surface
property tailoring, “chemical gates” [3], and microlithographic patterning [2] have all
been discussed as potential applications for these materials. Polymer brushes can be
described as polymer chains tethered to a surface or interface with a sufficiently
high grafting density such that the chains are forced to stretch away from the tether-
ing site [6]. The purpose of this introductory chapter is to provide a brief overview of
the recent literature on the synthesis of polymer brushes. The chapter is intended to
augment previous reviews on polymer brushes [7].
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Figure 1.1 Examples of physically attached polymer brushes.
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At first view, there is a tendency to consider that resorting to less reactive anchor
groups – for example, using a less reactive alkoxysilane instead of a highly reactive
chlorosilane – would solve the problem. This, however, is incorrect as a more in-
depth analysis shows. If the nucleophilicity of the anchor group is reduced, this
affects both the undesired side reaction, which is the reaction of the functional
group with the anchor group, and which leads to loss of anchor moieties, and the
desired reaction of the anchor group with a group at the surface of the substrate,
which results in a successful chemisorption reaction. Accordingly, both reactions
are slowed down at the same time, and the ratio between the rates of the two reac-
tions remain the same in all cases.

Another complication inherent to “grafting to” processes is an intrinsic limitation
of the film thickness, and accordingly the number of functional groups per surface
area which can be obtained by using such an approach. Films generated by chemi-
sorption from solution are limited to (dry) thicknesses of typically 1 to 5 nm. This
limitation has both kinetic and thermodynamic origins. With increasing coverage of
the surface with attached chains, the polymer concentration at the interface quickly
becomes larger than the concentration of polymers in solution. Additional chains,
which are to become attached to the surface, must diffuse against this concentration
gradient that ever increases with increasing grafting density of the attached polymer
(Figure 10). This diffusion slows down the immobilization reaction at the surface
further and further as the reaction proceeds. Thus, the rate of the attachment reac-
tion levels off rather quickly and further polymer is linked to the substrate only at an
extremely slow rate due to this kinetic hindrance. Indeed, it has been shown [42,43]
both theoretically and experimentally that once the surface-attached coils overlap,
the attachment of further polymer molecules takes place on a logarithmic time
scale, and already at rather low graft density time frames of thousands or even mil-
lions of years would be required to add a few more nanometers of polymer to the
layer. Accordingly, as far as practical reaction times are concerned, films generated
by this technique are intrinsically limited with regard to the film thickness. Further-
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a) b)

Figure 10 Schematic illustration of the “graft-
ing to” process. (a) Chains that are to be
attached to the surface can easily reach the sur-
face at low graft densities. (b) The attachment
process comes to a virtual halt as soon as the

surface is covered with polymers, as the
already attached chains form a kinetic barrier
against which incoming chains have to diffuse
to reach the surface.
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chemical variability of these systems is somewhat limited as a solvent must be avail-
able in which the block copolymer adsorbs to the surface without formation of
micelles either in solution or at the surface. Furthermore, as the layer formation
requires the diffusion of polymer molecules through the layer of already attached
chains, this limits the range of graft densities that can be obtained using this tech-
nique. In addition, as the interaction with the surface is based simply on physical
interactions, anchoring of the molecules to the substrate surface is relatively weak,
and this further limits the graft densities available and decreases the stability of the
films.

Approach 3

As has been discussed above, the chemisorption of polymer molecules leads to
chains which are covalently attached to surfaces [32–37]. Although situations can be
envisioned in which the polymer chains are slightly stretched, such processes are
strongly limited in terms of the obtainable graft density, especially for high molecu-
lar-weight polymers, and this results in only relatively weak stretched polymer
chains.

Approach 4

Much higher graft densities can be obtained when the polymer chains are grown at
the surface of the substrate in situ (Figure 17) [5,6]. To this initiator, species are
either generated or self-assembled at the surface of the substrate, followed by initia-
tion of chain growth from these surface-attached initiators, for example by con-
trolled or free radical chain polymerization. The surface-polymerization can be
started thermally either through a chemical process or photochemically. In this way,
polymer monolayers with film thicknesses of more than 2000 nm in the dry state
have been obtained (Figure 18). In this case, polymer molecules with number aver-
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Figure 17 Common synthetic strategy for the gen-
eration of polymer brushes via surface-initiated poly-
merization. An initiator molecule is deposited on a
surface by means of a self-assembly process via the
reaction of an anchor group to suitable surface sites
and, subsequently, chains are grown on the surface
from the initiating sites.
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Table 1 Selected systems for the generation of polymer brushes via surface-initiated
polymerization. The list is by no means exhaustive, and is only meant to demonstrate
the wide variety of synthetic strategies that have been developed over the past decade.

Mechanism Initiator/initiating species Maximum thickness
(nm)

Reference(s)

Free radical
Si

Me

Me

O
N

H

O

N
N

Me

Me

CN

CN

CO2H ~ 100 nm 63,64

O Si

Me

Me

O

O

CN

Me
N
N
Me
Me

CN

S O

O

CN

Me
N
N
Me
Me

CN

(CH2)11

Si

Me
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N
N

CN

CN
Me

O

up to 2200 nm 65–72

O

O
O

O

OH

n.a. 73,74

TEMPO

Si

Me

Me

O
O

O
N

120 nm 75,76

ATRP Si (CH2)n O

O

Br
150 nm;
700 nm
(water accelerated)

77–83

SiO (CH2)2 SO2Cl 100 nm 84–86

Si

Me

Me

O (CH2)2 CH2Cl n.a. 87–89

Si

Me

Me

O
O

O

Me

Br
< 60 nm 82,90

Others Various systems for cationic and
anionic polymerizations, RAFT
and reverse ATRP

< 40 nm 91–97

NA= not applicable.
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ing systems with rapid initiation are of major interest as they allow, in principle, sur-
face-attached polymer chains with relatively narrow molecular weight distributions
to be obtained. This facilitates comparison with theoretical models developed for
surface-attached polymer brushes, provided that the initiation process is sufficiently
efficient to allow high graft densities and that the molecular weight of the surface-
attached chains is high enough to allow such a discussion. Indeed, controlled poly-
merization approaches are expected to become even more interesting for the synthe-
sis of surface-attached polymer brushes, as a large variety of functional brushes can
also be obtained by using these methods. At present, major efforts are made – espe-
cially in the area of controlled radical polymerization – to polymerize functionalized
monomers to create high molecular-weight compounds with low polydispersity.

8
Polymer Brushes as Functional Materials

For many applications of polymer brushes, it is not simply protection against me-
chanical or chemical damage that is important. Rather, where the polymer layer acts
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Figure 19 Examples of functional groups incorporated into polymer brushes.
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1 Recent Advances in Polymer Brush Synthesis

The formation of these tethered chains is generally carried out using either of two
techniques, namely physisorption or chemical bonding of chains to an interface.
Typically, polymer brushes synthesized using a physisorption approach consists of
two-component polymer chains, where one part strongly adheres to the interface
and the second part extends to generate the polymer layer [8]. This tethering point
can be a single point, in the case of a functionalized polymer chain, or a diblock
copolymer chain. Figure 1.1 depicts several examples of physically attached diblock
copolymer brushes where the interface tethering varies. Due to the physical nature
of the tethering points, the brush layers are rendered thermally and solvolytically
unstable, and there is poor control of grafting density.

Covalently grafting chains, either by the “grafting to” or “grafting from” technique,
to the surface can overcome these shortcomings. In the “grafting to” method
(Scheme 1.1), preformed polymer chains containing a suitable end-functionalized
group are reacted with a surface to obtain the desired brush [9]. Although the brush
layer exhibits thermal and solvolytic stability, it inherently possesses a low grafting
density and film thickness on the surface. This observation is due to the inability of
large polymer chains to diffuse to the reactive surface sites that are sterically hin-
dered by surrounding bonded chains.
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Scheme 1.1 Idealized representation of the “grafting to” (left)
and “grafting from” (right) approaches.

Figure 1.2 Examples of chemically attached polymer brushes.
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1 Recent Advances in Polymer Brush Synthesis

molecules to migrate to the polymer brush anchoring sites and resulted in brush
degrafting. Therefore, these authors backfilled the surface prior to sulfonation with
deuterated polystyrene oligomers as a means of consolidating the polymer brush
surface and protecting the anchoring sites.

Sirard et al. [16] took a similar approach to polymer brush synthesis by spin-coat-
ing deuterated poly(dimethylsiloxane) (PDMS) onto silicon wafers containing sur-
face hydroxyl functional groups. The PDMS was obtained commercially, and con-
tained a monofunctional silanol group, which can also undergo condensation with
the hydroxyl surface to generate a covalently bound brush. The spin-coated samples
were annealed in order to allow for condensation reaction between the chain end
and the surface functionalities to occur. As with the studies conducted by Auroy and
Tran [15], neutron reflectivity of the polymer brush layer was performed to character-
ize the brush layer.

Minko et al. [17] took a slightly different approach to the synthesis of polymer
brushes using the “grafting to” technique first utilized by Luzinov [18]. Both groups
first grafted 3-glycidoxypropyl trimethoxysilane (GPS) to silicon wafer substrates. A
condensation reaction took place between the alkoxysilane end group and the hy-
droxyl surface functionality to allow for surface modification of the substrates. How-
ever, the nature of the GPS molecules gave rise to several types of surface function-
alities (hydroxyl, carboxyl, and epoxide rings; Scheme 1.2).

From this modified silica surface, carboxyl-terminated polystyrene (PS) was
grafted via a spin-coating/thermal annealing methodology. However, Minko and co-
workers then removed ungrafted PS chains using a THF Soxhlet extraction step in
order to allow for the subsequent grafting of carboxyl-terminated poly(2-vinylpyri-
dine) (PVP) to the surface. In this manner, they were able to synthesize a binary
polymer brush layer where the composition can be controlled through the time and
temperature of the grafting at each step. Furthermore, they were able to show
through the use of atomic force microscopy (AFM) and X-ray reflectivity that the
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Scheme 1.2 Schematic representation of the synthesis of binary
brushes. PS chains, gray; PVP chains, black [17].
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1.3 “Grafting From” Synthesis Technique

(E2BriB), which was of the same initiating species as the surface-bound initiator.
Since the anchoring group to the gold nanoparticle consisted of thiol groups, which
are known to be thermally unstable, the polymerization reaction was performed at
40 !C.

Jones and Huck [45] utilized a similar ATRP initiator that was deposited on gold
through a microcontact printing process to generate a patterned surface. Polymer-
ization of various acrylate monomers (MMA, glycidyl methacrylate, n-butylacrylate,
and HEMA) was conducted under aqueous (water/methanol) ATRP conditions.
Diblock copolymer brushes of PMMA-b-PHEMA were also synthesized. ATRP,
being a radical process, is tolerant to impurities and solvents; aqueous polymeriza-
tions are also possible and have even been shown to be faster than their organic sol-
vent counterparts. This group has extended this aqueous ATRP synthesis process to
generate polyelectrolyte [1] and thermoresponsive poly(N-isopropylacrylamide) [46]
brushes. More recently, Kizhakkedathu and Brooks [47] performed aqueous ATRP
to form poly(N,N-dimethyacrylamide) (PDMA) from PS latex particles. The particles
contained a chlorinated inimer (chlorinated version of BPEA; Figure 1.6) to initiate
the CuCl-catalyzed ATRP reaction.

Boyes and coworkers [4] synthesized ABA-type triblock copolymers from silicon
wafers. Using a bromoisobutyrate initiator bound to the surface as a SAM, PS-b-
PMA-b-PS and PMA-b-PS-b-PMA triblock copolymer brushes were synthesized.
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brushes on nanoparticles

2 Polymer Brushes by Atom Transfer Radical Polymerization

outer blocks to colloidal initiators possessing tethered homopolymers. In SEC chro-
matograms, terminated tethered chains formed low molar mass tails, which com-
prised less than 15 wt.% of the entire molar mass distribution. SEC peaks and corre-
sponding molar masses of the main product were as follows: Mn peak pS-b-pBzA =
34 810, Mw/Mn= 1.22; Mn peak pBA-b-pMMA= 39 130, Mw/Mn= 1.29.
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Scheme 2.3 General methodology for the preparation of
core-shell colloids. Sequential ATRP of selected monomers
from functional particles, or colloids.

a)

b)

Figure 2.3 (a) Tapping-mode AFM height
image of SiO2-g-(pBA94-bpMMA352) core-shell
colloid with rubbery inner segment and glassy
outer shell. (b) Height image of same region
as for (a) SiO2-g-(pBA94-bpMMA352) ultrathin

films imaged with increasing applied tapping
force. Regions of different contrast assigned to
SiO2 core (bright spots), pBA inner segment
(dark halo around SiO2) and pMMAsegment
(continuousmatrix).
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was adjusted by varying the solvent composition. Methylethylketone (MEK) and tol-
uene were employed as a good solvent and a non-solvent, respectively. As the con-
centration of toluene in the solution increased, the thickness of the PGMA adsorbed
layer increased accordingly. It should be mentioned that the adsorption modification
gave good quantitative reproducibility only when fresh solutions were prepared
from newly synthesized PGMA. It is supposed that some hydrolytic and/or cross-
linking processes involving the PGMA epoxy groups might occur during storage of
the PGMA samples and solutions. As a result of these side processes (which may be
due to trace amounts of water and/or basic/acidic contaminants), small fractions of
the hydrolyzed and/or crosslinked macromolecules having different (typically high-
er) adsorptive ability may be formed and change the course of the PGMA adsorp-
tion. However, any changes that may have occurred in the PGMA structure were
undetectable with FT-IR and GPC. No significant differences in the FT-IR spectra
and GPC data were observed after one year of PGMA storage under ambient condi-
tions.

Dip-coating gave excellent quantitative reproducibility, as compared to the adsorp-
tion procedure. After the dip-coating, not only smooth and uniform covering (Figure
3.2(a) and (b)) were observed, but also stable reproducibility in the thickness of the
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bottle brushes5 Bottle Brush Brushes: Ring-Opening Polymerization

were reported by Choi [31] and M!ller [32]. In both cases, PLA was initiated from
-OH or -NH2 groups at the termini of long-chain alkyl thiolates on gold or silicate
surfaces. These examples are comparable to polymerization from a dense layer of
initiators, and should lead to linear polymers. If PHEMA films functioned similarly
and initiated solely from a thin surface layer, one should expect formation of a linear
block copolymer with a relatively low grafting density. A comparison of the contact
angles for water on PHEMA [33], 63", and on an x-hydroxyalkyl thiolate SAM [34],
34", suggests that the surface density of PHEMA -OH groups is less than full surface
coverage. However, based on our earlier results on the functionalization of PHEMA
films, we expected that subsurface -OH groups would increase the grafting effi-
ciency and produce a comb-like structure. To prepare the surface-anchored PLA
film, a layer of PHEMA on gold was synthesized by ATRP, and then ROP was used
to grow PLA from the PHEMA layer. We were able to effect controlled increases in
film thickness from several nanometers up to 450 nm

The PHEMA-g-PLA system on gold has several important features. Polymer layers
on gold are chemically homogeneous and are compatible with a wide variety of thin
film characterization techniques. Compared to thiolate on gold SAMs, PHEMA
films grown from initiators anchored on gold are more thermally robust due to a
small amount of transesterification during HEMA polymerization. The resulting
crosslinks enhance the mechanical stability of PHEMA films, and provide the ther-
mal stability needed to support lactide polymerization. (The Au–S bond is unstable
above ~60 "C [17,35,36], and organic monolayers often detach from surfaces.) Finally,
the PHEMA-g-PLA system is a biocompatible hydrogel [37] that can be used as a
drug delivery system [38–41].

108

Scheme 5.2 The synthetic route to bottle-brush
brushes.
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5.2 Synthesis of PHEMA-g-PLA

5.2
Synthesis of PHEMA-g-PLA

The synthesis of PHEMA-g-PLA tethered to a gold surface is outlined in Scheme 5.3.
In a typical procedure ATRP of HEMA was initiated from the surface-bound initia-
tor layer using a catalyst system prepared from a mixture of Cu(I)Br/tris-[2-
(dimethylamino)ethyl]amine (Me6TREN) (0.1 mol% based on monomer) and
Cu(II)Br2/2 equiv. of 4,4¢-di-n-nonyl-2,2¢-bipyridine (dnNbpy). The Cu(II) complex
(30 mol%, relative to Cu(I)) ensures the deactivation of active radicals, and also pro-
vides some control over the polymerization. The dormant a-bromocarbonyl initiator
was activated by immersing substrate 1 in a 5:1 (v/v) CH3CN-THF solution of 3.5 m
HEMA and the copper catalyst. Polymerizations of HEMA were run at room temper-
ature,

with the thickness of the PHEMA film controlled by the reaction time. After HEMA
polymerization, the substrate was washed sequentially with DMF, EtOH, EtOAc,
EtOH and deionized water, and then dried under a stream of nitrogen. The forma-
tion of PHEMA was apparent from the appearance of a carbonyl peak at 1733 cm–1

and a broad hydroxy peak at 3200–3600 cm–1 in the reflectance FT-IR spectrum
(Figure 5.1, spectrum (a)). A number of PHEMA substrates were prepared to sup-
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Scheme 5.3 Preparation of PHEMA-g-PLA.
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5.2 Synthesis of PHEMA-g-PLA

cant -OH peak in the FT-IR spectrum of PHEMA films after reacting with acetyl
chloride indicates near-complete acylation of PHEMA. Thus, the structure of
PHEMA-g-PLA should be viewed as a graft copolymer with comb-like character.

As ROP of lactide continues, the tethered PHEMA chains must extend to accom-
modate the volume occupied by the PLA. Eventually, PHEMA chains would fully
extend and, for steric reasons, PLA growth in the interior of the film would cease.
Kinetically, this transition should be manifested as a sharp decrease in the rate of
ROP of lactide to that which corresponds to polymer growth from a surface layer.
Using PHEMA substrates of 49 ! 1 nm thickness, we extended the polymerization
time to test for such a change in growth rate at long times. As seen in Figure 5.2(b),
PLA growth eventually stopped at ~10 h; however, the 130-nm increase in thickness
seemed too small to be ascribed to full extension of the PHEMA chain, given our
estimate of ~10% initiator efficiency as in the related PMMA system. By assuming a
cross-sectional area for PHEMA which was twice that of PMMA, we expected to rea-
lize a fully extended PHEMA chain when the increase in thickness was >250 nm.
This corresponds to a degree of polymerization for lactide of at least five.

Further investigation showed that the termination of growth seen in Figure 5.2(b)
is consistent with equilibrium polymerization, where the propagation and depropa-
gation rates are identical [44–46]. The polymerization solution was slightly viscous,
and characterization of the solution by 1H NMR revealed a 79:21 mixture of soluble
PLA homopolymer and monomer. The concentration of monomer calculated from
the NMR data (~0.03 M) is in good agreement with literature values for the equilib-
rium monomer concentration in lactide polymerizations: for polymerization of
l-lactide in 1,4-dioxane, [M]eq ~0.15 M at 406 "K and 0.06 M at 353 "K [44]. To prove
equilibrium control, we isolated a sample that had grown to a limiting PLA film
thickness (131 nm), washed it with solvent, and then transferred it to a vial contain-
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Scheme 5.4 Intermolecular transesterification of PHEMA-g-PLA.

intermolecular transesterification
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4 Synthesis of Polypeptide Brushes

4.3
Preparation of Peptide Brushes by Grafting From Polymerization

Poly-l-glutamates can be prepared by polymerizing the corresponding N-carboxyan-
hydride 1 (Figure 4.2). With regard to initiation from the surface, it must be consid-
ered that at least two mechanisms of NCA-polymerization are competing, depend-
ing on the initiator used, namely: (1) the activated monomer (a.m.) mechanism,
which is initiated by bases; and (2) the amine- or protic-mechanism, which is initiat-
ed by primary amines [22]. In order to understand the requirements and limitations
of a grafting from polymerization, it is worthwhile examining more closely the
mechanism of NCA polymerization.

4.3.1
Mechanisms of NCA Polymerization

4.3.1.1 Amine-Initiated Polymerization
If the polymerization is initiated by primary or secondary amines, without any steric
hindrance, then the process proceeds via the “amine mechanism” (Figure 4.2).

The amine attacks the NCA-ring, and ring opening occurs. The intermediate 3
eliminates carbon dioxide, and a dimer with an amino end-group is generated,
which can attack the next monomer. The new amino group is less reactive than a
primary amine. Therefore, initiation is much faster than propagation, and the
degree of polymerization can be adjusted to some extent by varying the monomer-
to-initiator ratio [22–24]. In this respect, the NCA polymerization has a kind of “liv-
ing character”. Another mechanism which has been discussed in the literature is

90

Figure 4.2 Initiation and propagation in the N-carboxyanhy-
dride (NCA)-polymerization via the amine-mechanism accord-
ing to Ref. [22].

4 Synthesis of Polypeptide Brushes

4.2
Preparation of Peptide Brushes by “Grafting To”

One approach to unidirectional orientation of the polypeptide helices is covalent
attachment of one of the end groups to the substrate with a high grafting density
(Figure 4.1). The grafting can be achieved by coupling of preformed polypeptides to
the surface (“grafting to”) or by polymerization of the monomer N-carboxyanhydride
(NCA) employing surface-bound initiators (“grafting from”).

The problems associated with the grafting to approach for the preparation of pep-
tide brushes are, in principle, well known and are the same as for all other polymers.
The grafting density remains rather low due to the coverage of adsorption sites by
the first molecules, the formation of diffusion barriers, and so forth. In the case of
the helical polypeptides, the situation is even more complicated due to a strong ten-
dency to form aggregates [7–10]. In such aggregates, the peptide rods are in an anti-
parallel arrangement in order to compensate the dipole moments. Therefore, it is
expected that only half of the molecules are tethered to the surface, while the other
half can be removed [11].

Despite these problems, Samulski et al. reported a nonplanar arrangement of
PBLG end-functionalized with disulfide groups on gold substrates – that is, a rela-
tively high surface coverage was achieved [12,13]. The orientation of the rods, on the
other hand, is not perpendicular but almost isotropic [13], and these authors
obtained the thickest layers upon adsorbing the polypeptide from solvents in which
strong aggregation occurs [12]. An improvement in layer thickness and orientation
of the peptide rods was possible by employing electrical fields to pre-orient the pep-
tides before adsorbing them to the surface [14]. However, both layer thickness and
orientational order in the film were still low. Coupling of PBLG to the silicon sub-
strate modified with (N-(2-aminoethyl)-3-aminopropyl)methyldimethoxysilane was
carried out by Machida et al. with dicyclohexylcarbodiimide [15]. In this case the sur-
face coverage was relatively low, and the rods were oriented more or less parallel to
the surface. These authors used the PBLG films to induce spiral textures in non-
chiral nematic liquid crystalline 4-n-pentyl-4¢-cyano-biphenyl molecules [4–6,16].

Self-assembled layers of short-chain polyglutamic acid end-functionalized with a
disulfide moiety were prepared on gold by Niwa et al. [17,18]. The density of the pep-
tides on the gold surface can be adjusted via the pH of the aqueous solutions used
for the adsorption experiments, which affects the helical content of peptides (the

88

Figure 4.1 Schematic drawing of an aligned polypeptide brush.



anionic polymerization10.3 Investigating Polymer Brush Systems

10.3.2
Investigating the Different Regimes of Polymer Brush Conformation on Surfaces

The configurational space of the polymer chains is limited by the presence of an
interface in polymer brushes. The deformation of densely tethered polymer chains
reflects a balance between interaction and elastic free energies. Dense tethering of
polymer chains on an interface enforces a strong overlap among the undeformed
coils, and increases the polymer-to-polymer contacts and the corresponding interac-
tion energy. The polymer chains are forced to stretch away along the direction nor-
mal to the grafting sites. Stretching lowers the interaction energy per chain, at the
price of a high elastic free energy. The interplay of these two terms determines the
equilibrium thickness and brush regimes of the layer. The most important and dis-
tinctive characteristic of polymer brushes is that the equilibrium thickness varies
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7 Photoinitiated Polymerization from Self-Assembled Monolayers

extended structure with a sulfur terminus at the air interface [101]. The terminal
thiol group and the internal thioesters could potentially act as chain transfer agents
and thereby inhibit polymer growth from the surface.

In order to determine the effects of sulfur and chain transfer on these polymeriza-
tions, we designed two other SAM initiator systems, 16 and 19 [120]. In particular,
initiator 16 does not exhibit a terminal thiol, so the radical that diffuses from the
initial cleavage will not act as an efficient chain transfer agent. However, the sur-
face-bound radical includes a thioester and the sulfur bound to gold, both of which
could participate in chain transfer. Control experiments with octadecanethiolate
monolayers indicate the SAMs are stable under these reaction conditions; thus, it is
unlikely that the S-Au bond plays a role. In order to probe the effect of the thioester,
we synthesized compound 19. The SAMs resulting from this disulfide should be
similar to both 12 and 16, but without the terminal sulfur or the thioester.

As Scheme 7.2 illustrates, compound 16 was synthesized from 4,4¢-azo-bis (cya-
nopentanoic acid) (13) in two steps: first, 13 was treated with DCC/DMAP and buta-
nol to form the monobutyl ester (14) in 42% yield, followed by a second esterifica-
tion with 1,10-decanedithiol to give 16 in 20% yield. Disulfide 19 was also synthe-
sized in two steps: first, 11-mercaptoundecanol (17) was treated with iodine to yield
disulfide (18) in 95% yield. This was then coupled with 14 and DCC/DMAP to give
19 in 20% yield.
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Scheme 7.2 Self-assembled monolayer (SAM) forming free
radical photoinitiators based on 2,2¢-azobisisobutyronitrile
(AIBN).

7.4 Polymerization from AIBN-type SAMs

the film thickness increases by 85% and 200% over the same time intervals, respec-
tively. Surprisingly, the middle segment from 7 to 10 h exhibits a 130% increase in
film thickness, whereas the Mn is nearly constant, increasing by a mere 3%.

Clearly, the increase in Mn from 2 to 18 h for the detached polymer does not cor-
relate with the observed increase in film thickness. The film thickness appears to
increase much more rapidly than Mn during the first two stages of the polymeriza-
tion. Thus, the growth of the film is relatively independent of the Mn, which is fairly
constant regardless of reaction time. This is not so surprising, as a free-radical chain
polymerization is characterized by rapid growth, followed by termination. In the
present case, the AIBN-type initiator is not very efficient and has a long half-life.
Therefore, chains are initiated at all stages of the polymerization and most likely
grow rapidly and then terminate after a relatively short period of time.

Based on this behavior, we propose a four-stage growth model for the free radical
polymerization of styrene from AIBN-type SAMs; we use initiator 12 as an example.
The initial stage is characterized by the rapid growth of a low-density polymer brush.
The film growth then slows down during the second stage, from 1 to 7 h. During
this period, the grafting density reaches a point where interchain termination
becomes more favorable than in the low-density brush. The third stage is character-
ized by a rapid acceleration in film growth (7–10 h). We hypothesize that at the
onset of the third stage, the grafted chains are sufficiently crowded that termination
is inhibited due to the so-called gel effect, also known as the Trommsdorf effect
[122]. This has two consequences: first, the rate of polymerization is accelerated,
leading to faster growth kinetics. Second, the grafting density increases rapidly, and
this forces the chains to stretch away from the surface at an accelerated rate. The
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Figure 7.8 Comparison of polymer brush thickness with molecular weight (Mn) for initiator 12.



grafting from by ATRP

1. addition of persistent radical, e.g. Cu(II)

2. addition of “sacrificial initiator”
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Figure 3.6 Thickness of grafted polystyrene
layer versus polymerization time. Sacrificial
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Figure 3.7 Topographic SPM images of poly-
styrene brushes obtained with sacrificial initia-
tor added. Initiator surface density: (a, b) BAA
4 molecules nm–2; (c, d) BAA 17 molecu-
les nm–2. Brush thickness: (a) 6.5 nm;
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scale 10 nm. Image sizes 1 ! 1 lm. Rough-
ness: (a) 0.31 nm; (b) 0.56 nm; (c) 0.51 nm;
(d) 0.67 nm.
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3.3 Results and Discussion

evidence that the ATRP of styrene from the PGMA/BAA macroinitiator also
occurred in controlled/living manner.

In a subsequent set of experiments, the polymerization was conducted without
the Et-BA initiator in the bulk. CuBr2 (5% mol to CuBr) was added to the system to
provide the necessary amount of the Cu(II) species. As expected, for the polymeriza-
tion without the unbound initiator only a minute quantity of the free polystyrene
was detected for long reaction times. The molecular weight of this polymer
increased with time, as expected for typical ATRP reaction, up to 30 000 g mol–1

and the polydispersity index was narrow (Mw/Mn < 1.5). At the same time, signifi-
cant amounts of the grafted polymer accumulated on the surface (Figure 3.10).

During this period, the thickness of the polystyrene brush first increased linearly,
after which the grafting process slowed down (Figure 3.10). SPM studies showed
that the grafted layers uniformly covered the surface at different stages of the graft-
ing process (Figure 3.11). After 1000–1500 min, a noteworthy amount of unbound
polystyrene was detected in the bulk. This free polymer had a Mw > 200 000 and
Mw/Mn > 2. Clearly, the free polymer with such characteristics was formed due to
self-initiating polymerization of styrene, and not to the controlled/living ATRP pro-
cess. At 110 !C, self-initiation is typical for the styrene-containing systems [52].
Thus, slow formation of the radicals in the bulk was present throughout the experi-
ment. Interaction of these radicals with the CuBr/CuBr2 system resulted in slow
ATRP polymerization in the bulk. With time, the amount of newly formed radicals
became comparable with the amount of CuBr2 initially introduced in the reaction
mixture, and the polymerization went out of control. The rate of grafting increased
at this stage of the process, the brush formation proceeded in an uncontrolled man-
ner, and very thick brushes were obtained (Figure 3.10). Jeyaprakash et al. [51] also
reported self-acceleration of the ATRP grafting of styrene at very long polymeriza-
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Table 8.1 Summary of the properties of diblock copolymer brushes.

Diblock copolymer brush
structurea)

Thickness of
tethered blockb)

(nm)

Thickness of
outer blockb)

(nm)

Polymerization
techniquec)

Reference(s)

Si/SiO2//PS-b-PMMA 28 11 Cationic/ATRP 24, 25
Si/SiO2//PS-b-PMA 24 9 Cationic ATRP 25
Si/SiO2//PS-b-PDMAEMA 27 3 Cationic/ATRP 25
Si/SiO2//PS-b-PMMA 25 7 RATRP/ATRP 23
Si/SiO2//PS-b-PDMA 11 12 RAFT 19
Si/SiO2//PDMA-b-PMMA 11 10 RAFT 19
Si/SiO2//PS-b-P(t-BA) 21 17 ATRP 16
Si/SiO2//PS-b-PAA 21 8 ATRP/Hydrolysis 16
Si/SiO2//PMA-b-P(t-BA) 14 16 ATRP 16
Si/SiO2//PMA-b-PAA 14 9 ATRP/Hydrolysis 16
Si/SiO2//PS-b-PPFS 16 5 ATRP 38
Si/SiO2//PS-b-PHFA 10 6 ATRP 38
Si/SiO2//PMA-b-PPFS 11 5 ATRP 38
Si/SiO2//PMA-b-PHFA 15 5 ATRP 38

a) PS = polystyrene; PMMA= poly(methyl methacrylate); PMA=
poly(methyl acrylate); PDMAEMA= poly((N,N-dimethylami-
no)ethyl methacrylate); PDMA= poly(dimethylacrylamide);
P(t-BA) = poly(tert-butyl acrylate); PAA= poly(acrylic acid);
PPFS = poly(pentafluorostyrene); PHFA= poly(heptadecafluoro-
decyl acrylate).

b) Representative structure is Si/SiO2//tethered block-b-outer block.
c) ATRP = atom transfer radical polymerization; RATRP = reverse

atom transfer radical polymerization; RAFT = reversible addition
fragmentation transfer polymerization.
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8.3 Synthesis of Block Copolymer Brushes

case of the Si/SiO2//PMA-b-PS-b-PMA brush, the outer PMA block had a thickness
of 15 nm, which is close to the target thickness of 20 nm, indicating that the degree
of termination occurring in this system was less.
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Table 8.2 Summary of the properties of tethered ABA-type triblock copolymer brushesa).

Layer Water contact angleb)

ha hr

Thicknessc)

(nm)
Molecular weight (Mn)
Calcd.d) Expt.e)

PDI

PS 97 87 20 13.2 ! 103 10.5 ! 103 1.10
PS-b-PMA 73 63 18 17.9 ! 103 17.2 ! 103 1.23
PS-b-PMA-b-PS 88 70 3 21.7 ! 103 18.6 ! 103 1.07
PMA 72 59 20 15.2 ! 103 13.6 ! 103 1.50
PMA-b-PS 87 72 23 21.8 ! 103 18.7 ! 103 1.08
PMA-b-PS-b-PMA 73 58 15 18.4 ! 103 15.5 ! 103 1.23

a) From Ref. [16].
b) The standard deviation of contact angles was <2".
c) Thickness determined by ellipsometry.
d) Calculated using the conversion determined from the free polymer.
e) Experimental molecular weight of the free polymer.
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Figure 8.6 Atomic force microscopy (AFM) images of tethered
Si/SiO2//PS-b-PMMA brush after: (a) treatment with dichloro-
methane; and (b) gradual treatment with cyclohexane [8].

Figure 8.7 Speculative model for nanopattern formation from
tethered Si/SiO2//PS-b-PMMA brush [7].
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20.5
Adaptive Responsive Behavior: Regulation of Wetting and Adhesion

Phase segregation in mixed brushes upon exposure to solvents of different qualities
causes a strong alternation of the surface chemical composition of the brushes. In
this way, the mixed brush adapts to its environment and, at the same time, the sur-
face behavior of the material is dramatically changed (switched). This switching is a
reversible process such that the surface properties of the mixed brush (wetting be-
havior, adhesion, adsorption, etc.) can be changed identically, an on many occasions.
This can be demonstrated with a very simple wetting experiment. After exposure of
the mixed brush to different solvents, we freeze the morphology due to the rapid
solvent evaporation. Then, we probe the wetting behavior by using a fast probe
(within 1 min), namely the measurement of the advancing contact angle of a water
drop set on the brush.

The switching properties with PSF/PMMA and PS/P2VP mixed brushes are
exemplified in Figures 20.11 and 20.12. The experiments demonstrate the reversibil-
ity and the reproducibility of the switching behavior as well as the high sensitivity of
the mixed brushes to different solvents. For example, in the case of PS/P2VP mixed
brush (Figure 20.12), the advancing contact angle changes from 90! (upon exposure
to toluene) to 20! (upon exposure to acidic water). The changes of the solvent are
accompanied by a change in the morphology and the laterally averaged composition
of the top layer. For example, in toluene PS is enriched in the top layer, while P2VP
predominantly occupies the top layer upon exposure to acidic water. Switching
kinetics depends on the composition of the mixed brush and the molecular mass of
its polymers. The time of switching ranges from seconds to hours (cf. Figure 20.13).
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Figure 20.11 Switching of the surface state of a mixed PSF/
PMMA brush upon exposure to various solvents. The water
contact angles were measured with the sessile drop technique
on the brush after exposure to the solvent and rapid drying in
nitrogen flux.

20 Mixed Polymer Brushes: Switching of Surface Behavior and Chemical Patterning at the Nanoscale

lized on the surface. Once the polymerization is stopped and the nongrafted poly-
mer is removed by cold Soxhlet extraction, the residual amount of initiator can be
used for polymerizing the second monomer.

By using this “grafting from” approach, we have synthesized mixed brushes with
grafting densities of 0.1–0.2 nm–2 for polymers of high molecular mass (up to
800 000 g mol–1). The brushes prepared in this manner were much thicker (100–
200 nm for dry film) than those prepared using the “grafting to” method.

The characteristics of the mixed brushes synthesized using the “grafting from”
method are listed in Table 20.1. In the first step, we have grafted a random copoly-
mer poly(styrene-co-2,3,4,5,6-pentafluorostyrene) (PSF) (25% of Fluor-containing
monomer units), whilst in the second step we have grafted poly(methylmethacry-
late) (PMMA). A comparison of the distance between grafting points and end-to-end
distance of the grafted chains provides clear evidence for dense brushes.

20.4
Experimental Study of Phase Segregation in Mixed Brushes

Two incompatible polymers in a mixed brush tend to segregate. Macroscopic segre-
gation is prevented by covalent grafting of the chains, which arrange to avoid unfa-
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Figure 20.7 Scheme of synthesis of binary polymer brushes
via the “grafting from” approach by the two-step polymerization
with controlled rate of surface-initiation. The same initiator is
used for the both steps.

Table 20.1 Characteristics of the PSF/PMMA brushes prepared by “grafting from” approach.

Sample
no.

Molecular
weight
Mw ! 10–3

g mol–1

PSF/PMMA

Grafted
thickness (nm)
PSF/PMMA/
(PSF+PMMA)

Grafted
amount
(mg m–2)
PSF/PMMA

Grafting
density
(!102 nm–2)
PSF/PMMA

Distance be-
tween grafted
points (nm)
PSF/PMMA/
(PSF+PMMA)

End-to-end
distance for
the non
grafted chains
Re

PSF/Re
PMMA

(nm)

1 475/811 23.4/42.5/65.9 28/51 3.6/3.8 6.0/5.8/4.2 48/58
2 452/811 23.9/30.0/53.9 28/36 3.8/2.7 5.8/6.9/4.4 47/58
3 475/811 23.4/30.6/54.0 28/37 3.6/2.7 6.0/6.8/4.5 48/58
4 452/811 23.9/29.2/53.1 28/35 3.8/2.6 5.8/7.0/4.5 47/58
5 380/840 54/68/122 65/82 10.3/5.9 3.5/4.7/2.8 43/59

toluene

chloroform

acetone

20.4 Experimental Study of Phase Segregation in Mixed Brushes

vorable interactions by microphase separation. This behavior is a key to the tailoring
of surface properties, and is an important ingredient for the switching mechanism
of mixed brushes.

The phase segregation depends strongly on environment. On the one hand, this
property is important for the application of responsive surfaces, but on the other
hand it creates problem for investigating the phenomenon. In our experiments, the
assumption is made that the morphologies observed in dry films are also character-
istic for the morphology of swollen films (i.e., under solvent). There is much evi-
dence for this:

1. After exposure to a particular solvent, the film is rapidly dried by a flow of
nitrogen within a few seconds. The time of solvent evaporation is very much
shorter than the characteristic time for transforming one morphology into a
different one upon changing the solvent. The latter time scale ranges from
several minutes to hours. Hence, rapid solvent evaporation freezes the mor-
phology as it was in the solvent. Under these conditions no effect of the dry-
ing rate has been observed.
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Figure 20.8 Morphologies of the mixed PSF/
PMMA brush step by step exposed to solvents
of different selectivity: (a) toluene; (b) chloro-
form; and (c) acetone. Atomic force micro-
scopy (AFM) repulsive tapping mode, set-point

ratio A/A0 50%, A0 45 nm. Left: topography
(black horizontal lines mark origins of topogra-
phy profiles); middle: phase contrast. Scale
2 ! 2 lm. Right: topography profiles. (Rep-
rinted with permission from Ref. [11].)
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Chloroform is a more selective solvent for PMMA, and switches the brush to the
state when the top layer is enriched with PMMA. At the same time, the ripple mor-
phology of the film (see Figure 20.8) suggests that both of polymers occupy the top
layer. This is an example of a boundary situation, when solvent still stabilizes the
ripple morphology, but the top layer tends to be preferentially occupied by one of
the polymers. This mixed brush is switched with the solvents very rapidly, and we
may assume that the switching rate is of the same order as the solvent evaporation
rate. However, the monotonous kinetics of the switching provided evidence that no
specific changes in the top layer composition were introduced while the solvent
evaporated.
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Figure 20.12 Switching of the surface state of the mixed PS/
P2VP brush upon exposure to various solvents.

Figure 20.13 Kinetics of switching of the mixed PSF/PMMA
brush from the hydrophobic to hydrophilic state by chloroform
and in the opposite direction by toluene. The switching time in
both cases was less than 6 s.

selective collaps
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Hydrophobic and hydrophilic properties can be strongly amplified by the rough-
ness of the substrate [25]. We exploit this amplification of the switching effect of the
wetting behavior by synthesizing a mixed PSF/P2VP brush via the “grafting to” tech-
nique onto a plasma-etched PTFE foil (Figure 20.14) with a roughness on the micro-
meter scale. The mixed polymer brush forms domains of nanometer size. The sub-
stantial amplification of the switching range by the needle-like micrometer rough-
ness of the etched PTFE substrate is demonstrated in Figure 20.15: an advancing
contact angle of 160! is measured after exposure to toluene. A drop of water is then
able to roll easily on the surface – a fact that indicates also a very small hysteresis of
the contact angle (Figure 20.15(a)). However, following immersion of the same sam-
ple in acidic water (pH 3) for several minutes to switch the brush and dry the sam-
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Figure 20.14 Schematic representation of the
two-level morphology of the polymer film with
grafted binary polymer brush. (a) The arrow
indicates the location of the mixed brush on

the surface of the needle-like PTFE substrate;
(b) illustrated with a scanning electron micro-
scopy image of size 20 ! 20 lm2. (Reprinted
with permission from Ref. [25].)

Figure 20.15 Rolling of a water drop on PTFE with grafted
PSF/P2VP binary brush. (a) After exposure to toluene; (b) wick-
ing after exposure of the brush to acidic water. (Reprinted with
permission from Ref. [25].)
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ple, a drop of water is able to spread on the surface because of the wicking effect
(Figure 20.15(b)).

The mixed brushes can be utilized for constructing sophisticated functional mate-
rials. Switching of the brush results in tuning of various kinds of interaction mecha-
nisms with its surroundings. An example of practical importance is van der Waals
interactions, which can be used to regulate adhesion. We have performed a simple
adhesion test in which we glue Tesa! tape to a plate covered with a PS/P2VP mixed
brush. Half of the plate is in the hydrophilic state, and the other half is in the hydro-
phobic state. A sharp decrease in adhesion is observed when crossing the border be-
tween the ultra-hydrophobic and hydrophilic areas on the sample (Figure 20.16).

20.6
Patterning of Mixed Brushes

Patterning of the mixed brush allows fabrication of devices that exploits their switch-
ing behavior. We provide an example where a mixed brush is patterned due to the
local “freezing” of morphology by crosslinking of polymers [26]. A thin film of the
mixed polymer brush, prepared from polyisoprene (PI) and P2VP, is exposed to a
selective solvent and illuminated through a photomask. In the illuminated areas,
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Figure 20.16 Switching of adhesion. The plot
presents the change of the force applied to the
Tesa! band defoliated from PTFE substrate
with grafted PS/P2VP binary brush versus dis-
tance (x) from the starting point. The dashed

line marks the border between ultra-hydropho-
bic (dark) and hydrophilic (gray) area on the
brush switched with toluene and acidic water,
respectively. (Reprinted with permission from
Ref. [25].)

hydrophilic
on top

ultra-hydrophobic
on top
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22 Motion of Nano-Objects Induced by a Switchable Polymer Carpet

Another approach is to resort to biological pathways to induce movement, and to
use highly specific protein complexes such as kinesin/microtubules or myosin/
actin, thus building the basis for contraction-expansion processes in muscle cells,
transport of organelles, and segregation of chromosomes during mitosis. These pro-
teins convert chemical energy into mechanical, translational work by the hydrolysis
of adenosine 5-triphosphate (ATP). Applications of these biological motors in nano
engineering show much promise, as they possess a high efficiency, are small in
size, and available in large quantities [3]. However, the specifics of the chemical pro-
cess – how mechanical work is retrieved from chemically stored energy – are not
well understood at this time [4]. Furthermore, one must take into account the fact
that protein complexes are fully functional only in aqueous solution, and within a
narrow temperature range. This significantly restricts their usefulness for a variety
of practical applications, for example, when nanomachines are to be integrated into
electronic systems, where no aqueous environment is permitted.

In this chapter, we report on a method to transport nano-objects across a surface,
utilizing the unique properties of a supporting polymer substrate. We propose to
use changes in surface topography to move nanoparticles, in a similar fashion to the
way a traveling fold in a carpet carries objects that are lying on top of it.

We propose to build the “carpets” from homopolymer-, diblock-copolymer- and
mixed brushes, which all consist of polymer chains covalently attached to the sur-
face at a high grafting density. The surface of the carpet systems can be reversibly
switched into different morphologies with distinct topographical and chemical char-
acteristics by exposing them to different external conditions, which in turn cause
conformational changes of the surface-attached polymer molecules. The essential
idea here is that different topological and chemical configurations, together with
drastic changes in surface energy and potential landscape, can cause the polymer
brushes to “grasp or release” the nano-object periodically, moving it across a surface
(Figure 22.1).
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Figure 22.1 (a) Scheme of a diblock copoly-
mer brush carrying a cargo. (b) During shape
switching and change in interfacial energy, the
“arms” of the brush grasp the nano-cargo and
propel it along a surface. This can either lead

to random sliding (c1) or directed motion (c2).
The latter can either be induced by pre-structur-
ing the surface (c2.1) or by inducing local per-
turbations caused by a probe, e.g. local heat-
ing, light, etc. (c2.2).
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22 Motion of Nano-Objects Induced by a Switchable Polymer Carpet

was found that, just after adsorption from the ethanol solution, silica nanoparticles
showed no aggregation, and were located as single specimens on top of the ordered
polymer surface (Figure 22.4a). It was verified that treatment with ethanol did not
have any influence on the polymer carpet. Thereafter, we performed a first cycle of
ex-situ switching of the structure from spherical to featureless and back, when the
substrate was first exposed to a good solvent (chloroform) for the first block and
then to a poor solvent (toluene). The formation of small clusters of nanoparticles
was observed after only the first cycle of switching [12], and reiteration over more
cycles led to the formation of large, elongated aggregates (Figures 22.4(b,c)). Figures
22.4(a,c) show snapshots of the carpet in the structured state, and for comparison
the carpet is shown after chloroform treatment (Figure 22.4(b)) in the flat state.

To check whether the aggregation appeared because of the pattern switching, or
for other reasons, we conducted a series of experiments with homopolymer brushes
of PMMA and PGMA, with molecular weight and grafting density similar to the
diblock copolymer brush. In the case of homopolymer brushes, no aggregation of
the nanoparticles was found [12], and additional annealing in the good solvent
(chloroform) at room temperature during 24 h did not lead to any alteration of the
structure.

These results clearly indicated that periodic switching of the structure of the poly-
mer surface induces organization of the nanoparticles, whereas the homopolymer
brush does not influence the distribution of the nanoparticles – at least those with a
diameter greater than the thickness of the brush [12].

As yet, we do not have any deeper understanding of the physical processes of the
motion of the nanoparticles during pattern switching, but we are able to speculate
on the basic mechanisms – that is, if the motion is proceeding diffusively, or
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Figure 22.4 AFM micrographs of the organiza-
tion process of silica nanoparticles on the
diblock copolymer brush p(MMA-b-GMA).
(a) Nanoparticles adsorbed from ethanol solu-
tion formed no agglomerates on the micro-
phase separated brush; (b) after exposure of
the substrate to a chloroform solution (the
good solvent), the carpet pattern disappears,
whereas some of the particles have started to

form islands consisting of two, three or some-
times five objects; (c) restoration of the pattern
structure of the brush and further agglomera-
tion into island of the nanoparticles were
observed after treatment of the substrate with
the toluene solution (bad solvent for the sec-
ond block). The micrograph in (c) shows the
situation after 26 cycles.

diblock copolymer brush p(MMA-b-GMA)

Nanoparticles adsorbed from ethanol
exposure of substrate to chloroform

treatment of substrate with toluene
(after 26 cycles)
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An example of microstructures generated in our laboratories via this pathway is
shown in Figure 23.12. The optical micrographs shown were obtained by subjecting
a monolayer of the azo initiator 1 to DUV light for about 5 min in the presence of a
mask [conditions as described for the ablation experiments on preformed brushes;
feature sizes of the masks: mesh 200 with 127 lm line spacing for (A) and mesh
400 with 63.5 lm line spacing for (B) and (C) followed by a surface-initiated poly-
merization of DMAA on these substrates; conditions: DMAA/water (1/2, v/v), 2 h
(A) and 17 h (B and C), 60 !C; extraction with MeOH].

In order to quantify the layer thicknesses and step heights achieved via this two-
step approach of microstructuring, we investigated the samples using an imaging
ellipsometer (iElli2000; nanofilm Technologies, G"ttingen, Germany). Figure 23.13
shows three images obtained from the samples from which the optical micrographs
(B) and (C) from Figure 23.12 were taken. In these ellipsometry experiments, the
images were recorded with analyzer and polarizer settings chosen such that the
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Figure 23.11 Schematic representation of the procedure used
for the microstructuring of polymer brushes via photovolatiliza-
tion of the initiator monolayer through a mask and subsequent
deposition of the polymer via thermally initiated polymerization.

(A) (B) (C)

Figure 23.12 Optical micrographs obtained
from two samples (PDMAA brushes) that were
microstructured via the technique depicted in
Figure 23.11. Images were taken from two
different samples prepared under the same

conditions, but using different masks;
images (B) and (C) are from the same sample,
but were recorded at different magnifications.
Details are given in the text.
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23.3.3.2 Patterned Polymer Brushes via Photopolymerization through Masks
In order to utilize this photochemical “grafting from” process for the generation of a
micro-pattern at the surface, we again used contact masks to shade certain areas on
the sample during the photopolymerization process [13–15]. A schematic represen-
tation of the process is given in Figure 23.15. Again, it was our goal to demonstrate
the feasibility of this approach, and accordingly simple copper grids were used as
masks and no efforts were made to explore the limits of the system in terms of line
width or edge characteristics. Among the many different samples prepared, Figure
23.16 shows micrographs obtained by imaging ellipsometry from a typical sample.
This sample was prepared by using initiator system 1 for the surface-initiated poly-
merization of DMAA on top of a silicon wafer (conditions: DMAA/water (1/4, v/v),
3 h, extraction with methanol). The images displayed in this figure were obtained by
intensity nulling for the areas that were either shaded (Figure 23.16(A)) or illumi-
nated (Figure 23.16(B)) during polymerization. Based on the ellipsometric angles
determined from the analyzer/polarizer settings found for these images, the thick-
ness of the deposited PDMAA brush was 131 nm. A three-dimensional impression
of the pattern is illustrated in Figure 23.16(C).
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Figure 23.15 Schematic illustration of the process
used for the generation of microstructured polymer
brushes via photoinitiated “grafting from” polymeri-
zation.

(A) (B) (C)

Figure 23.16 Ellipsometrically recorded images obtained from
a microstructured PDMAA brush. The microstructuring was rea-
lized via photoinitiated “grafting from” polymerization through
a mask (cf. Figure 23.15). Details are given in the text.
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this monomer in the ablated areas can be readily visualized using fluorescence mi-
croscopy. The image obtained by this method is shown in Figure 23.18, together
with the structures of the polymer brushes deposited in the respective areas on the
sample. The areas carrying the fluorescence dye appear bright due to the emission
from the dye, whereas the areas carrying the original PS brush appear dark, indicat-
ing that little or no polymer was deposited there during the second surface-initiated
polymerization.

23.5
Applications of Photostructured Polymer Brushes

Of course, the l-patterned polymer monolayers obtained by surface-initiated growth
can be used in the very same way as conventional photoresists are used. In the
experiments described in Figure 23.19, we took advantage of the fact that PS mono-
layers exhibit a rather strong resistance against etching with fluorine plasmas due to
the relative large amount of aromatic moieties contained in such films [23]. To gen-
erate the pattern, a PS monolayer was initially grown at the surface of a silicon
wafer through surface-initiated growth using the initiator system 3 described above.
The substrate was shaded in selected areas by using a mask. The l-structured poly-
mer monolayer obtained was exposed to a microwave plasma containing fluorine.
In all noncoated areas the silicon (oxide) is etched away quite rapidly by the reactive
ion process. The PS monolayer, however, resists the etching quite strongly, so that
even during rather short exposure to the plasma strong topological height differ-
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Figure 23.18 Fluorescence microscopy image obtained from a
sample in which two different polymers were deposited in differ-
ent areas of a substrate. The structures of the polymers are also
shown. Only those areas that carry the fluorescence dye appear
bright in the image.
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20.6 Patterning of Mixed Brushes

channel. The bottom of the channel (6) becomes hydrophilic upon exposure to
acidic solution, and water can flow through the channel (Figure 20.19(c,e)). Upon
heating above 80 !C, or by changing the pH (Figure 20.19(d,f)), the bottom surface
of the channel switches to a hydrophobic state, closing the channel (5). Although
this example demonstrates the general principle, much more complicated systems
can be fabricated using photolithography on mixed brushes.

The second experiment involves the fabrication of smart sensors to directly visual-
ize the test result. For example, if the pattern is visualized at a particular pH, the
smart surface can display the value of pH directly as an image (cf. Figure 20.20).

423

Figure 20.19 Fabrication of a tunable channel employing a
mixed brush (see text for details). The images (e) and (f) show
open and closed states of the tunable channel, respectively, as
they appear in optical microscopy. (Reprinted with permission
from Ref. [26].)

Figure 20.20 Example of a smart sensor from
a mixed brush grafted to Si wafer which
displays the result of the analysis of acidic
aqueous solution: the wafer was exposed to
neutral water (top) and to water with pH 2.3

(bottom). The image appeared upon exposure
to water vapor only if the sample had been trea-
ted with acidic water solution of pH <2.5.
(Reprinted with permission from Ref. [26].)

gate

20.6 Patterning of Mixed Brushes

channel. The bottom of the channel (6) becomes hydrophilic upon exposure to
acidic solution, and water can flow through the channel (Figure 20.19(c,e)). Upon
heating above 80 !C, or by changing the pH (Figure 20.19(d,f)), the bottom surface
of the channel switches to a hydrophobic state, closing the channel (5). Although
this example demonstrates the general principle, much more complicated systems
can be fabricated using photolithography on mixed brushes.

The second experiment involves the fabrication of smart sensors to directly visual-
ize the test result. For example, if the pattern is visualized at a particular pH, the
smart surface can display the value of pH directly as an image (cf. Figure 20.20).
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Figure 20.19 Fabrication of a tunable channel employing a
mixed brush (see text for details). The images (e) and (f) show
open and closed states of the tunable channel, respectively, as
they appear in optical microscopy. (Reprinted with permission
from Ref. [26].)

Figure 20.20 Example of a smart sensor from
a mixed brush grafted to Si wafer which
displays the result of the analysis of acidic
aqueous solution: the wafer was exposed to
neutral water (top) and to water with pH 2.3

(bottom). The image appeared upon exposure
to water vapor only if the sample had been trea-
ted with acidic water solution of pH <2.5.
(Reprinted with permission from Ref. [26].)

pH sensor



photolithography of mixed 
polymer brushes

20.6 Patterning of Mixed Brushes

the brush is crosslinked, but in the dark areas the chains retain their capability of
switching conformation and properties.

Consequentially, the designed pattern can be developed by exposing the brush to
a selective solvent for one constitutive polymer. The treatment with solvent changes
the chemical composition of the top layer in the dark areas as a result of phase seg-
regation, but in the illuminated areas the brush remains unchanged. Whenever the
patterned mixed brush is exposed to a nonselective solvent, any contrast in the
chemical composition of the top layer disappears and the image is erased. This pro-
cess is reversible, and so pattern development and erasure can be repeated many
times (Figure 20.17).

Figure 20.18 shows the characteristic features of the patterned brush after interac-
tion with different solvents. After illumination through the photomask, the pat-
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Figure 20.17 Scheme of photolithography of mixed polymer
brushes (see text for details) (Reprinted with permission from
Ref. [26].)

20 Mixed Polymer Brushes: Switching of Surface Behavior and Chemical Patterning at the Nanoscale

terned brush is washed with ethanol for several minutes, dried, and then exposed to
water vapor. No pattern develops on the surface (Figure 20.18(b)). The brush is then
treated with acidic water (pH = 2) and dried. After exposure to water vapor, the local
condensation of water droplets reveals quite clearly the image imprinted onto the
brush (Figure 20.18(a)). The inset of the figure demonstrates the difference in wet-
ting properties of the dark and illuminated areas. Water barely wets the surface of
the illuminated areas (semi-spherical droplets), but spreads more extensively over
the surface of the dark areas. An image with strong contrast is formed because the
light reflection changes with the size and shape of the water droplets. The image
can be erased merely by washing with ethanol or neutral water (pH = 6.5). This pro-
cess provides evidence that the film is sensitive to acidic water, and this can be
repeated many times.

It has been noted that illuminated mixed PI/P2VP brushes stored for more than
1 month after exposure to one selective solvent (e.g., acidic water) preserve their
morphology and the concomitant information. These samples, when exposed to
water vapor, reveal the photoprinted images. However, the image can be erased
upon heating above 80 !C (the Tg of PI is below room temperature, and PI occupies
the top of the brush upon heating to a temperature slightly below Tg = 85 !C of
P2VP). Further exposure to acidic water, followed by drying and contact with water
vapor, restores the image. Therefore, heating the sample erases the image without
destroying the brush.

Two different examples for practical application of this environment-responsive
lithography can be suggested. The first example shows that this approach can be
used for fabricating tunable microchannels. The tunable channel is prepared as
shown in Figure 20.19, with the mixed brush (1) being grafted between two hydro-
philic channels (2) (Figure 20.19(a)) on a solid substrate. The channel is fabricated
(Figure 20.19(b)) by photo-crosslinking of the brush through the photomask (3),
such that the irradiated areas (4) lose their switching ability and serve as walls of the
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Figure 20.18 Optical microscopy of water droplets on a mixed
polymer brush with (a) developed and (b) erased pattern. The
inset presents a detailed view. (Reprinted with permission from
Ref. [26].)

mixed polymer brush, prepared from 
polyisoprene (PI)and P2VP



neuron cells on polymer 
brushes

23.5 Applications of Photostructured Polymer Brushes

ences can be obtained. In the example shown in Figure 23.19, a 2.6-lm height differ-
ence is etched into the silicon using this process.

Chemical microstructures written into the surface of a substrate can also be used
to control the adhesion of biological cells [19,24–26]. In the example shown in Fig-
ure 23.20, in the first step a PS monolayer is deposited through surface-initiated
photopolymerization. Thus, the polymer is grown only in the irradiated areas. The
l-structured surface is, in a second step, exposed to a short KOH etch; this removes
the initiator in the nonirradiated areas, which have not been coated by polymer.
However, under the conditions employed, the polymer monolayer is in the glassy
state and does not permit the transport of any base to the substrate surface. After
removing the etching solution and washing with pure water, the substrate surface
now consists of a clear hydrophilic/hydrophobic pattern. If the substrate is then
brought into contact with biological cells dispersed in a growth medium, cell adhe-
sion proteins can adsorb strongly to the hydrophilic part of the surface. The cells
follow suit, and thus a pattern is generated, with the cells following exactly the pat-
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Figure 23.19 Atomic force microscopy (AFM) images
obtained from a microstructured PS brush before (A) and
after (B) fluorine etching. Details are given in the text.

Figure 23.20 Neuronal cells on a sample carrying a microstruc-
tured PS brush. The cells avoid the areas covered by the brush
and grow only on the bare SiO2. Large micron-sized topographi-
cal features that are also present on this samples do not inter-
fere with cell alignment.
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Surface-initiated Radical 
Polymerization 

NO2

SS S S

NO2

S

NO2

S

NO2

S

NO2

S

NO2 NO2 NO2

mask

e--beam
e-

1. chemical 
lithography

NH2

SS S S

NO2

S

NO2

S

NO2

S

NO2

S

NO2 NH2 NH2

SS S S

NO2

S

NO2

S

NO2

S

NO2

S

NO2 N
N

CNNC

N
N

CNNC

N
N

CNNC

2. Diazotation

3. Coupling

HCl / NaNO2 

CNNC
H

SS S S

NO2

S

NO2

S

NO2

S

NO2

S

NO2 n n n

CNNCCNNCCNNC

4. 
Polymerization

-N2 
hν Δ ; n



Surface-initiated Radical 
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Surface-initiated Radical 
Polymerization 

Projected linewidth  :   10 nm
measured after SIP : ~45 nm
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grafting onto
-> important factors determining layer structure (grafting density and thickness) are: a) anchor distance and b) 
polymer weight (globular conformation)

surface attachment can be achieved by
- activation (e.g. light) of reactive surface 
groups (e.g. benzophenones) in the 
presence of the polymer chains, or
- introduction of functional groups at the 
surface (e.g. plasma treatment) and reaction 
with reactive polymer chain ends

example: poly(ethyleneoxid) (PEO) surface 
immobilization to reduce unspecific protein 
adsorption and enhance biocompatibility 
(e.g. by introduction of amine surface 
groups and coupling of epoxy-modified 
PEG)
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spin coating: the basics
 Spin coating was first used to apply coatings 

of paint and pitch around seventy years ago.
 In 1958 Emslie et. al. developed the first spin 

coating model.
 This model has been used as a basis for 

future more specific or complicated models. 



spin coating: the basics
• Centripetal force is responsible for the spread 

of liquid across the wafer.

 

• At long times the fluid will flow only negligibly,
 resulting in a lower limit of the final thickness.



spin coating: the basics



spin coating: the process
 Four main processing steps:

 Step 1: Deposit fluid onto 
substrate.

 Step 2:  Accelerate wafer to final 
radial velocity.



spin coating: the process

 Four main processing steps:

 Step 3: The coating thins at a 
rate that depends on the velocity 
at which the wafer is spinning 
and the viscosity of the fluid.

 Step 4:  Solvent is evaporated 
from the film, resulting in further 
thinning.



spin coating: defects

•Bubbles on the surface of the 
coated wafer.
•This occurs when fluid is deposited 
as the wafer is spinning, and may be 
caused by a faulty dispense tip.

•A swirling pattern may be 
observed.
•Causes:

•Fluid deposited off center
•Acceleration too high 
•Spin time to short 
•Exhaust rate too high



spin coating: defects

•A mark or circle in the center of the 
wafer could indicate a chuck mark.
•If a chuck mark occurs the type of 
chuck should be changed.

•Streaks can occur on the wafer for a 
number of reasons including:

•Acceleration too high
•Fluid deposited off center
•Particles on surface prior to spin



spin coating: defects

•Uncoated areas on wafer occur 
when to little fluid is deposited on the 
wafer.

•Pinhole defects can be caused by:
•Air bubbles
•Particles in fluid
•Particles on substrate.


