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9.1
Introduction and Scope

The deposition of thin layers of organic compounds onto solids results in materi-
als with the physical bulk property of the solid and the properties of the organic
compound forming a new interface. The behavior of the resulting material, how-
ever, can not only be described by the mere addition of the physical and chemical
properties of the solid and the deposited organic compound but the morphology
and dynamic behavior of the thin layer has to be taken into account. Adsorption,
wetting, adhesion and friction are strictly confined to the interface and are the ori-
gins of the macroscopic behavior of the new composite material. Rationalization
of this simple fact resulted in the development of well-defined surface coatings,
where the organic compound is not only deposited onto the solid but also as-
sembled. The assembly of organic compounds into a defined layer requires firstly,
a detailed knowledge of the physical properties (roughness, curvature, porosity,
etc) and chemical properties (surface chemistry) of the support, ideally down to
the dimension of the molecules which are to be assembled and secondly, to take
into account the interplay of order and mobility within the layer. This is determined
by the shape as well as size or molar mass of the molecules and their possible in-
teractions along the phase boundaries. To illustrate the second point, Fig.9.1
gives some examples of organic coatings, starting from monomolecular layers
with a thickness of a few angstroms, to polymer coatings of several micrometers.
A schematic illustration of surface coatings with their typical thickness ranging
from angstroms to micrometers. Selected are monomolecular layers fabricated by
the transfer of Langmuir-Blodgett (LB) films onto solid substrates (1); self-as-
sembled monolayers (SAMs) (2); multilayers thereof (3); polymer-supported (alkyl)
monolayers (PSMs) (4); physisorbed or chemisorbed polymer coatings (5); polymer
brushes (6) and polymer layers fabricated by macroscopic casting techniques (7)
along with possible ways of their fabrication and characteristic layer dimensions.
It is beyond the scope of this Chapter to discuss all kinds of various coating
techniques, properties of the supports, properties of the coatings and the various
fields of application of the composites in catalysis, separation techniques, materi-
als science, colloid science, sensor technology, biocompatible materials, biomi-
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Fig. 9.1 A schematic illustration of surface supported (alkyl) monolayers (PSMs) (4); phy-
coatings with their typical thickness ranging sisorbed or chemisorbed polymer coatings
from angstroms to micrometers. Selected are (5); polymer brushes (6) and polymer layers
monomolecular layers fabricated by the trans- fabricated by macroscopic casting techniques
fer of Langmuir-Blodgett (LB) films onto sol- (7) along with possible ways of their fabrica-
id substrates (1); self-assembled monolayers tion and characteristic layer dimensions.

(SAMs) (2); multilayers thereof (3); polymer-

metic materials, optics etc. The scope had to be restricted to the fundamental
properties of ultrathin organic layers on solid supports followed by some exam-
ples, outlining the benefit of the tailored functional surfaces such as SAM and
polymer brushes for catalysis.

Taking Fig. 9.1 as a guideline, the formation and properties of monomolecular
layers formed by self-assembly is discussed, followed by slightly thicker layers in
which mesogenic (order-inducing) units are combined with flexible polymers and
finally, new aspects in the preparation and properties of so called polymer
brushes are presented. The latter will form a central subject of this Chapter, since
new synthetic strategies have very recently been developed which enable the prep-
aration of surface grafted polymer coatings of defined morphology and polymer
architectures. By this, responsive functional coatings can be fabricated, being at
the fine boundary between order and mobility.

9.2
Self-assembled Monolayers

9.2.1
Two Dimensional Self-assembly

Highly ordered monomolecular layers on a solid substrate were originally pre-
pared by the so-called Langmuir-Blodgett technique. Surfactant molecules are
spread at the air-water interface and pre-assemble themselves by orienting the hy-
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drophilic (polar or charged) head group towards the water and the hydrophobic
tail towards the gas phase. The degree of order in this assembly can be increased
by successive reduction of the available cross-sectional area for each molecule,
simply by pushing the molecules together macroscopically by a movable barrier of
an LB trough. During compression, the monolayer undergoes phase transition in
two dimensions; analog to phase transitions in three dimensions: from the ‘gas-
analog’ to the ‘liquid-analog’ up to the ‘solid-analog’ state. The phase transitions
in the compression isotherms (lateral pressure, I1, versus area per molecule) and
corresponding molecular ordering are depicted in Fig. 9.2. With this technique,
highly organized monolayers can be prepared at the air-water interface having
their hydrophobic moieties, typically n-alkyl tails, in a 2D crystalline analog state.
Such layers can be deposited onto a solid substrate by controlled dipping of the
substrate through the interface. The major drawback of monomolecular films pre-
pared in this manner is the limited chemical and physical stability of the mono-
layer caused by its lack of strong specific (covalent) interactions, and the relatively
tedious preparation, which limits the shape, surface topography and dimension of
the substrate. Despite these drawbacks, it has to be noted that the LB-technique is
not obsolete but still a very valuable tool for the study of amphiphilic compounds
and the preparation of two-dimensional arrangements.

Monomolecular layers of the same quality in terms of the degree of order can
also be prepared by self-assembly. Molecules forming self-assembled monolayers
(SAMs) are characterized by three features: (1) A surface active head group, able to
specifically bind to the substrate, (2) a suitable mesogenic unit to ensure favorable
lateral intramolecular interactions and (3), a tail group which ultimately defines
the surface physics and chemistry of the resulting SAM (Fig. 9.2). Since it is self
assembly the preparation is rather simple: The molecules assemble themselves
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ing on the concentration of surfactant mole-
cules and the temperature, the growth pro-
ceeds via (A) first a 2D-vapor phase to a sol-
id—vapor coexistence, to the final solid phase,
or (B) through various intermediate coexis-
tence phases (Reprinted with permission,
from the Annual Review of Physical Chemisry,
Volume 52 ©2001 by Annual Reviews
www.AnnualReviews.org).

from the gas phase or from a solution onto the substrate. With the right choice of
head group, mesogen and tail group well-defined monolayers can be prepared.

Interestingly, in both approaches the two-dimensional arrangement undergoes
sooner or later similar ‘phase transitions’ as illustrated in Fig. 9.3.

While for LB-layers, the molecules have to be organized by means of compres-
sion prior to deposition of the monolayer at the air-water interface, the self-organi-
zation process into SAMs follows similar pathways by itself. This requires suffi-
cient mobility of the molecules on the solid substrate before the formation of the
final SAM. Ulman pointed out that the energy gain of the system during self-as-
sembly (physisorption and especially chemisorption) can be compared with the
pressure applied with the barrier of an LB-trough, to increase the order in the LB-
monolayer at the air-water interface [5].

By now a broad range of SAMs on various substrates are available. For an overview
on SAM systems several comprehensive reviews are available [1-4] as well as the
reference book by A. Ulman [5]. In Tab. 9.1 a list of examples is given [5, 6, 33].

The process of formation of SAMs on the various substrates strongly depends
on the nature of all three moieties of the surface active molecule. If a suitable me-
sogen is chosen, the affinity of the head group toward the substrate determines
the kinetics of the physisorption and chemisorption as well as the stability of the
resulting layer.

Among the SAM systems listed in Tab. 9.1, SAMs based on silanes on silica
and thiols on (noble) metals represent the majority of the reported accounts. In
the following some specific properties of these two systems will be outlined.
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Tab. 9.1 Selected examples of substrates and surface active molecules suitable for the forma-
tion of SAMs.

Substrate Ligand or Precursor Binding Reference
Au RSH, (aliphatic thiols) RS-Au 2-4,7
Au ArSH (aromatic thiols) ArS-Au 4, 8-12
Au RSSR’ (disulfides) RS-Au 24,13
Au RSR’ (sulfides) RS-Au 2- 4,14
Au RSO,H RSO,-Au 15

Au R;P R3;P-Au 16

Ag RSH, ArSH RS-Ag 2, 4,17
Ag ArSH ArS-Ag 8,11, 12
Cu RSH, ArSH RS-Cu 2,18

Pd RSH, ArSH RS-Pd 2,19

Pt RNC RNC-Pt 2, 20

Pt ROH, amides RO-Pt 21

GaAs RSH RS-GaAs 22

GaAs RSSR; RCOOH RS-GaAs; RCOO-//GaAs 23

InP RSH RS-InP 24

SiO,, glass RSiCl;, RSi(OR’); R-Si-O-Si 2, 3, 25, 46-48, 53, 59
Si/Si-H (RCOO ), (neat) R-Si 26
Si/Si-H RCH=CH, RCH,CH,-Si 27
Si/Si-Cl RLi, RMgX R-Si 28
Metal oxides RCOOH RCOO_//MO,, 29
Metal oxides =~ RCONHOH RCONHOH//MO,, 30

Zr0, RPO;H, RPO%//Zr* 31
In,0;/Sn0O,  RPO;H, RPO%//M™ 32

(ITO)

9.2.2

Self-assembled Monolayers of Alkanethiols

SAMs of alkanethiols on gold are the systems by far the most studied. For de-
tailed descriptions of their growth and structural features, the recent reviews by F.
Schreiber [4] and D.K. Schwarz [33] are highly recommended. It is believed that
the thiol reacts with the gold substrate according to the following equation [5]:

Aud +RSH — [RS-Au*"H ]Au, » RS-Au*Au, +1/2H, (1)

Although the chemical reaction appears to be quite simple and the system have
been studied for decades, the given reaction equation is still a working model. In
particular, the fate of the hydrogen during and after the reaction is not fully un-
derstood. Because the final SAMs formed from thiols and disulfides are similar, it
has been assumed that the chemisorption process follows a similar reaction path-
way in both cases. Fig. 9.4 outlines some structural features of this system. The
three aspects that determine the final molecular packing parameter of the SAM
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are first, the interaction between the thiolate and the crystalline Au(111) surface;
second, the intramolecular forces in the two-dimensional assembly; and third, the
interactions among the terminal functional groups [34-37]. The thiolates on
Au(111) are tilted approx. 34° from the surface normal and the unit cells of the
C—C-C planes are defined by two all-trans zig-zag chains twisted in different direc-
tions [38]. For further details on the monolayer structure on gold as depicted in
Fig. 9.4 [39-42] and silver (Ag(111)) please refer to the original accounts [34, 43,
44] or the comprehensive review by Schreiber [4].

9.2.3
Self-assembled Monolayers of Silanes

In contrast to LB-monolayers, SAMs were from the very beginning of their develop-
ment not only model systems for the study of interfacial phenomena but were read-
ily used in technological applications. One example is the use of monomolecular
coatings for chromatographic stationary phases. As mentioned, SAMs can be
formed on substrates with various shapes or morphologies especially porous and
nonporous amorphous silica. Silica gel is a common stationary phase in chromato-
graphy and its controlled modification using alkyl silanes were developed at an early
date, for the preparation of reversed-phase (RP) stationary phases used in high per-
formance liquid chromatography (HPLC). In this field, detailed knowledge of the
surface chemistry of silica and the proper reaction conditions of the silanization pro-
cedure were soon developed. By the mid-1970s RP silica packings for HPLC became
commercially available, which carried bonded n-octyl and n-octadecyl groups at the
surface [45]. Protocols that were developed for the preparation of RP-stationary
phases, are readily applicable to the preparation of SAMs on planar silica sub-
strates. An RP-coating, especially RP-18, and a SAM of n-octadecyltrichlorosilane
[46] are closely related, if, in many cases, not the very same thing.

For the surface modification of silica, the reactive surface group is the silanol
group which can be reacted with a mono- or polyfunctional alkoxy- or chlorosilane:
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Si—OH + X-SiR; = Si—-O-SiR3+ HX )

The surface chemistry of SAMs of silanes on planar substrates such as oxidized
silicon wafers is comparable to the chemistry of silica gel, with the absence of a
porous structure [47].

The maximum surface density of the reactive silanol groups in a fully hydrated
state is 8-9 pmol m™ (or ~5 SiOH nm™?). This can be achieved by a hydrothermal
activation of silica gel [48, 49] or, for planar substrates, a solution with hydrogen
peroxide/sulfuric acid (‘piranha’) or ideally a modified cleaning procedure used
for silicon/silicon dioxide wafers (‘RCA-method’) [50, 51]. The different treatments
for planar silica surfaces and silica gel particles are necessary because of their dif-
ferent specific surface areas and practical issues of handling the ‘substrate’. It was
found that the RCA method yields highly active, homogeneous surfaces and most
importantly, they are of reproducible quality without a significant change of the
surface roughness. The hydrothermal treatment of (porous) silica gel was opti-
mized in terms of reactivity and maintaining the specific pore structure (specific
surface area) and particle morphology.

It is not easy to obtain SAMs of trifunctional silanes on planar silica or silica
gel particles. During the development of (RP-) stationary phases, several protocols
were established, including modifications in aqueous systems [52]. For polyfunc-
tional silanes, a hydrolysis and polycondensation reaction easily results in the for-
mation of undefined three-dimensional polysiloxanes bound to the silica surface
[47]. For the modification of porous silica, it was found that the uncontrolled graft-
ing of oligo- or polysiloxanes from aqueous solution altered the pore structure
and accessible surface area by clogging the pores. On planar substrates, the ad-
sorbed polysiloxanes increased the surface roughness, and irregular coatings were
observed using scanning electron microscopy (SEM) or scanning probe micro-
scopy (SPM). To form a defined two-dimensional SAM, great care should be taken
to avoid polymerization of the silane compound in the solution and the consecu-
tive physisorption/chemisorption of siloxane oligomers [53]. Besides thorough pur-
ification of the silane compound, anhydrous reaction conditions for the silaniza-
tion are required. By this method, the hydrolysis and condensation reaction of the
silane is confined to the interface because only the thin layer of surface water on
the silica is used for the silanization reaction. For the most popular silane
compounds, the different reactivity follows the trend: =SiCl>> =Si(OCH);>
=Si(OC,Hs). In the two-step process of hydrolysis of the silane to the silanol spe-
cies and the condensation (silanols to siloxane), the reaction-determining step is
the rate of hydrolysis [54]. However, for polyfunctional silanes, the hydrolysis and
condensation overlap. Under defined reaction conditions, the reaction between the
surface hydroxyl groups of the silica and the silane compound follows a distinct
stochiometry, which can be expressed by the number of surface hydroxyl groups
that react with the organosilane. For monofunctional silanes this ratio is unity.
For bifunctional and trifunctional reagents it varies between 1 and 2, depending
on the cross-sectional area of the molecule. The stochiometry is discussed in de-
tail in Ref. [48]. Possible reaction pathways of mono- to trifunctional silane with
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surface hydroxyl groups are outlined by E. Bayer et al. [55]. Grafting densities can
be increased by using various amines as a catalyst and base [56]. Although Wirth
et al. [57] defined the bonding of trifunctional silanes as self-assembly, only if the
grafting density approaches 8 umol m™ (equal to 2.2 nm?” per molecule), whereas
the ligand density for conventional RP-packings are in the range of ~5 pmol m™2,
it is doubtful whether most of the reported silane-based SAMs satisfy this ex-
tremely high ligand density criterion. Complete stochiometric saturation of all si-
lanol groups with ligands is sterically impossible. In several studies it was pointed
out that in the ordered SAMs of alkyl silanes, not all ligands are bonded to the
surface but that a laterally cross-linked monomolecular layer covers the surface
and chemical bonding occurs with 1 out of 5 silane molecules [58]. Studies from
Silberzahn et al. [59] lead to the same view [47, 48], and it was argued that even
full cross-linking is sterically hindered [60]. The structural features of silane-based
SAMs are discussed in detail in Refs. [4, 5, 33]. Compared with the SAM formed
by alkanethiols on gold, silane-based SAMs do not display the same degree of lat-
eral long-range molecular order. This is because the SAM of silanes are a two-di-
mensional polysiloxane network with focal pinning points to the amorphous silica
substrate, whereas in alkanethiol monolayers, the crystalline metal surface directs
the epitaxial arrangement of the monolayer. The morphological picture that arises
for SAMs of polyfunctional (trialkoxy- or trichloro-) silane compounds is depicted
in Fig. 9.5.

This distinct difference between SAMs of silanes on silica and e.g. thiols on
gold leads to the consequence that ordered SAMs of silanes require an effective
mesogen for lateral intralayer interactions to overcome the steric difficulties of the
polysiloxane network. The behavior of silanes at an air-water interface, studied by
the LB-technique during compression and during formation of the two-dimen-
sional polysiloxane network layer, is a helpful tool for the investigation of the mor-
phology of a SAM formed by self-assembly on a silica surface using the surface
water layer. Hence, reports of surface modifications using silane compounds with,
for example, short n-alkyl moieties as the order-inducing unit do often not meet
the criteria of a SAM in terms of the morphology, degree of order and, in conse-
quence, behavior of a defined surface coating.

9.2.4
Self-assembled Monolayers for Surface Engineering

The intriguing aspect of SAM systems is the direct control of surface properties
by the choice of the distal (tail) group of the molecules forming the new interface.
The surface properties can be tailored more or less independently from the origi-
nal substrate since surface properties are dominated by the outermost 5-10 A of
the organic material [61]. A variety of surfaces with specific interactions can be
produced with fine structural control [62]. Jarzebinska et al. [63] compared compo-
site polymer coatings containing nickel catalyst for the catalytic reduction of car-
bon dioxide with surface coatings prepared by the Langmuir-Blodgett technique
using glassy carbon electrodes, as well as self-assembly on metals. They found a
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Fig. 9.5 a) Schematic view of a SAM of tri-

functional silanes on a silica surface accord-
ing to Silberzahn et al. (modified from ref.

[59]) along with b) A siloxane trimer with pos-

sible conformations of the alkyl chains in the
equatorial (upper, left) and axial (upper, right)
positions allowing a connection with a sub-
strate. A schematic description of a polysilox-
ane at the monolayer-substrate surface
(down). The arrow points to an equatorial Si—
O bond that can be connected either to an-

sible precursor trimer. X-ray data suggest an
area of 21+3 A? per alkyl chain, with a thick-
ness of 25+2 A. FTIR spectroscopy suggest
that the alkyl chains in n-octadecyltrichlorosi-
lane SAMs are perpendicular to the surface
(Reprinted with permission from: [5] A. UI-
man, Introduction to Thin Organic Films: From
Langmuir—Blodgett to Self-Assembly, Academic
Press, Boston, 1991. p. 257 and 258. © Copy-
right 1991 Academic Press/Elsevier Science)

other polysiloxane chain or to the surface.

significantly higher catalytic activity of surfaces prepared by LB and especially
with the organized self-assembled monolayers.

In addition, these thin films have been important in studies of electron transfer,
relevant for catalytic systems [64], molecular recognition [65], biomaterial inter-
faces [66], cell growth [67], crystallization [68], adhesion [69], and many other as-
pects [70]. SAMs provide ideal model systems, because fine control of surface
functional group concentration is possible by preparing mixed SAM systems of
two or more compounds, evenly distributed over the surface [71, 72], as two- or
three-dimensional gradients [73] or as pattered mixed monolayers as prepared by
uCP [6].

o-functionalized SAMs are frequently used for the controlled attachment onto a
substrate surface of catalytic sites, which otherwise do not offer the proper chem-
istry or which have to be shielded from the catalyst in order to enable specific re-
actions. In biocatalysis, tailored SAM systems are especially useful as intermediate
coatings to attach enzymes in a defined way [74-76].

Fig. 9.6 outlines the possibilities of using SAMs for the study and application of
physical and chemical surface engineering on the molecular scale.
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In many supported catalytic systems, it is nearly impossible to determine either
the specific species, responsible for the observed catalytic activity, or the mechanis-
tic pathway of the reaction. Using a defined SAM system in which careful molec-
ular design is followed by controlled deposition into a solid-supported catalyst of
known morphology, surface coverage, mode of binding and molecular orientation,
allows direct correlation of an observed catalytic activity with the structure on the
molecular scale. SAM and LB-systems allow detailed and meaningful study of es-
tablished surface bound catalysts to understand their behavior in heterogeneous
environments. Recently, this approach was followed by Talham et al. [77]. They in-
vestigated the effect of a controlled surface immobilization of manganese tetra-
phenylporphyrin as an oxidation catalyst. A combination of LB and self-assembly
was used for controlled binding of the catalytic active site. The metalloporphyrin
monolayer showed enhanced catalytic activity, which could be attributed to the in-
fluence of a combination of enhanced catalytic lifetime and the altered conforma-
tion that the catalytic species adopts when confined to the defined surface. Simi-
larly, Téllner et al. [78] used the LB-technique to assemble monolayers of amphi-
philic rhodium bipyridine complexes. The LB-monolayers were found to have
largely enhanced the catalytic efficiency with respect to an analog system in solu-
tion.
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Besides the morphology, the free surface energy of a given surface determines the
accessibility of catalytic active sites in heterogeneous catalysis (wettability). SAM sur-
faces can be produced to have free surface energies that span the range from “Teflon-
like” surfaces (surface CF; groups) to very high-energy surfaces (surface OH or
COOH groups), e.g., surface tensions of 10-70 dyne cm™". For example, when the
acidic protons in highly hydrophilic surfaces, such as -OH, -CONH,, and -CO,H
surfaces [79], are substituted by methyl groups [80], the surfaces become more hy-
drophobic, thus showing the sensitivity of wetting to the SAM surface functionality.

9.2.5
Surface Reconstruction: A Dynamic View of Self-assembled Monolayer Systems

Although SAMs of alkanethiols can in principle be described as well packed, qua-
si-crystalline assemblies, the shortcoming of the flexible n-alkyl mesogen is that
for example an increase of temperature or change in the polarity at the interface
results in surface-gauche defects, and thus surface disorder. Studies of sum-fre-
quency vibration spectroscopy show that the structure of a surface is clearly per-
turbed when it interacts strongly with another condensed phase [81], hence struc-
tural perturbations need to be considered. This is especially serious for very polar
surface groups, such as OH [82], where the disorder introduced may be signifi-
cant [83] and not confined to the outermost surface [81]. Thus, one cannot neglect
surface reorganization during exposure to environments of various polarity during
wetting or adhesion experiments or during chemical conversion involving the w-
functionality. Recalling our introductory Fig. 9.1, even in monomolecular films,
the game of order and mobility is already on.

Ulman et al. discussed the static and dynamic wetting behavior of pure 11-hy-
droxyundecane-1-thiol (HUT) and mixed HUT n-dodecanethiol in great detail [72]
and found significant surface reconstruction in such monolayers. The time evolu-
tion of the minimization of surface free energy related to exposure towards air
and the water contact angle hysteresis is depicted in Fig. 9.7 along with a sche-
matic drawing.

Siepmann et al. [84] carried out Monte Carlo simulations of CHj-terminated
SAMs under the influence of compressive stress. It was found that the mono-
layers relax almost elastically after the stress is removed. Their observation was
that under pressure surface-gauche defects developed in 40% of the chains. These
defects result in the exposure of CH, groups at the surface, which, for w-substi-
tuted alkyl chains with polar groups, results in a significant decrease in surface
free energy. In the case where stabilizing surface H-bonding interactions are en-
hanced by surface reorganization, the latter may not be reversible [81]. In conse-
quence, especially polar w-functionalities are no longer accessible. This is a major
limitation for the application of SAMs as reference or model systems for the
study of interfacial phenomena or as intermediate binding systems for the immo-
bilization of catalytic active sites.

Recently, Genzer and coworkers [85] presented an interesting new approach for
the preparation of stable silane-based SAM systems. As a substrate, cross-linked
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A B
Fig. 9.8 Schematic illustration of the prepara-  face layer which was used to assemble SAMs of
tion of mechanically assembled monolayers fluorinated trichlorosilanes (D). Release of the
(MAMs). (A) A cross-linked PDMS film is (B) strain of the PDMS substrate resulted in further
mechanically stretched by Ax (C), oxidized by increase of the molecules/surface area in a so-

UV/ozone treatment to yield a thin SiO, sur-  called MAM (E). (modified from [85a]).

polydimethylsiloxane (PDMS) was oxidized by UV/ozone treatment to yield a thin
silicon dioxide surface. The surface was then treated with fluorinated alkyltrichlo-
rosilanes from the gas phase while being mechanically stretched by a certain
length Ax. After modification the elastomer was allowed to relax resulting in a
mechanically assembled monolayer (MAM) at the surface (Fig. 9.8).

The MAMs were found to be closely packed. NEXAFS and FTIR spectroscopy
studies revealed that the molecular tilting angles relative to the surface normal
varied from 4° to 21° as a function of Ax. In wetting studies it was found that the
highest water contact angles (~131°) with the lowest contact angle hysteresis
could be obtained at Ax~70% resulting in an optimal molecular dense packing.
From hysteresis measurements and long-term stability studies it was concluded
that the surface reconstruction in MAMs is significantly suppressed by the ex-
tremely high packing density. In principle, the MAM approach of Genzer et al.
[85] can be viewed as an analog of the preparation of ordered LB films at the air—
water interface subsequent to the self-assembly step.
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9.2.6
Self-assembled Monolayers of Rigid Mercaptobiphenyls

Another, more direct approach to overcome the problem of surface reconstruction,
is the variation of the mesogenic unit of the surface active molecule. Instead of
using flexible n-alkyl moieties with high conformational freedom, SAMs formed
from molecules featuring a rigid mesogen in which conformational disorder has
been eliminated as completely as possible should be suitable for the preparation
of reference systems for the study of interfacial phenomena. Very early, systems
were under study containing aromatic units.

Several groups investigated aromatic thiol systems for the formation of rigid,
conjugated SAM systems [86-94] and it soon became clear that among the dis-
cussed systems, mercaptobiphenyls and 4'-substituted-4-mercaptobiphenyls are
promising candidates and currently the most intensively studied thiol-based SAM
systems.

Rubinstein and coworkers were the first to investigate SAMs made of 4,4
methyl-mercaptobiphenyls (MMB) on gold [87]. In recent investigations of the
structure and growth of the 4'-methyl substituted mercaptobiphenyls using graz-
ing-incidence X-ray diffraction (GIXD) and low-energy atom diffraction (LEAD)
[95], a low-coverage (‘lying-down’ or ‘striped’) phase and a high-coverage (‘stand-
ing-up’) phase was found (Fig.9.9), similar to the phase evolution of a com-
parable n-decanethiol. In the standing-up phase a commensurate hexagonal

a) c)
&
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holkww  neartop  hollew  neartop

Fig. 9.9 a) General molecular structure of 4- 2000, 65, 151-256 © Copyright 2000 Elsevier

substituted-4"-mercaptobiphenyl. b) Eulerian Science). d) Proposed structure of 4-chloro-4'-
angles defining the orientation of the mole- mercaptobiphenyl SAM (Reprinted with per-
cule with respect to the surface normal. c) mission from: [10] J.F. Kang, A. Ulman, S.
Proposed structure for the low coverage Liao, et al., Langmuir 2001, 17, 95-106. ©
‘striped’ phase of MMB (Reprinted with per- Copyright 2001 American Chemical Society).

mission from: [4] F. Schreiber Prog. Surf. Sci.
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(v/3 x v/3)R30° structure was found, analogous to alkane thiols. However, the tilt
angle of about 14° of the molecular axis with respect to the surface normal was
found to be significantly smaller than for alkanethiols. It was concluded that for
biphenyls, it is not necessary to tilt as strongly as n-alkanes to maximize the lat-
eral intermolecular (van der Waals or n—n) interactions. This results in the picture
of a closely packed SAM of mercaptobiphenyls with the molecules standing al-
most normal to the substrate surface. The generally low tilt angles were also
found in studies using ellipsometry and ER-FTIR spectroscopy performed on dif-
ferent 4'-substituted-4-mercaptobiphenyls [10-12, 96-99]. These findings were
further corroborated by recently performed detailed studies using X-ray photoelec-
tron spectroscopy (XPS) and near-edge X-ray absorption fine structure spectro-
scopy (NEXAFS) [100, 101]. By comparing the alkanethiols with aromatic thiols
on gold and silver, it was found that in the aromatic SAMs, the balance between
the head group/substrate interactions and the intermolecular forces is shifted
towards the intermolecular forces [101].

In conclusion, the overall picture arises that a biphenyl is a suitable if not ideal
mesogen for the formation of highly ordered SAM systems if compared with ali-
phatic thiols. This is also reflected by the significantly higher thermal stability
(melting temperature, Ty;>140°C for MMB as compared with Ty~100°C for n-
decanethiol) of mercaptobiphenyl SAMs [95].

However, silane-based SAMs were found to be thermally stable up to a tempera-
ture of 467°C (C-C decomposition [102]). Detectable changes with surface probe
microscopy and in terms of wetting behavior were reported to appear at around
125°C [103].

Besides the elimination of conformational freedom in the mesogen by switch-
ing from an aliphatic to an aromatic system, several other aspects have to be con-
sidered. First, the electronic nature of the molecule is entirely different. Because
of the conjugation, the 4'-substitution has a strong influence upon the reactivity
of the thiol head group. Electron donating or withdrawing substituents changes
the acidity of the thiol. Second, asymmetric 4',4-substituents induce a molecular
dipole moment which should have a significant impact upon the formation as
well as the stability of the corresponding SAM. Third, the polarity and polarizabil-
ity of the molecule and the SAM is different, thus changing the surface potential
as well as the optical properties of the SAM.

Kang et al. first studied the wetting properties of 4'-methyl- (MMB) and 4'-hy-
droxy-4-mecaptobiphenyls (HMB) as an analog system for the aliphatic HUT/DDT
mixed monolayer [97]. In Fig. 9.10 the results of analog wetting experiments for
the two systems are compared.

For both cases, mixed monolayers can be prepared without a significant prefer-
ential adsorption of one compound (Fig. 9.10a,b). The plot of cos @ against the
surface OH concentration reveals an overall higher free surface energy of the bi-
phenyl system, caused by the polar/polarizable biphenyl group. For example, the
advancing contact angle of an HMB SAM is 30°, while that of HUT is about 15°.
Although both surfaces feature OH terminal groups, the impact of the mesogen
is significant. Both systems follow more or less the Cassie equation [104]. How-
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Fig. 9.10 Comparison of the formation and
wetting behavior of the aliphatic HUT/DDT
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mixed monolayer system on Au(111). (a,b)
Composition of the solution and surface com-
position of the resulting SAM. (c,d) Plot of the
cos O=(ps,—ysi) /1) of the advancing (and ad-
ditionally in d) receding) water contact angle as
a function of the surface OH concentration.
The straight line represents the Cassie equation
[104], in c) the grey line is calculated after the
equation from Israelachvili [105] describing the
contact angle on heterogeneous surfaces. (e,f)

Plots of the total surface free energy (yex")
polar (38) and dispersive component (%) of
both systems as a function of the surface
composition. (b,d modified from ref. [97]);
(a,c,e Reprinted with permission from: [62] A.
Ulman, S.D. Evans, Y. Shnidman, et al., J. Am.
Chem. Soc. 1991, 113, 1499-1506. © Copyright
1991 American Chemical Society; [72]

A. Ulman, S.D. Evans, Y. Shnidman, et al., Adv.
Coll. Interf. Sci 1992, 39, 175-224. © Copyright
1992 Elsevier Science; [97] ). F. Kang, R. Jordan,
A. Ulman, Langmuir 1998, 14, 3983-3985.

© Copyright 1998 American Chemical Society).
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ever, the water contact angle hysteresis for the HMB/MMB system, at 5°, is un-
usually small. Referring to the plot in Fig. 9.7 in aliphatic systems (pure HUT
monolayer) a hysteresis of about 15° is usually observed. Additionally, while the
aliphatic system undergoes dramatic changes with time of exposure to ambient
air, the HMB/MMB system was found to show constant water contact angles for
at least 1 month storage under nitrogen. This difference accounts for the fact that
in the biphenyl system, the surface reconstruction is eliminated.

By the geometric-mean method [106] the total surface free energy (y5'F), the po-
lar (38) and dispersive component (y9) of both systems were calculated
(Fig. 9.10e,f). While the aliphatic HUT/DDT system displays an abrupt change in
the polar surface free energy component at about 30% OH and a wetting transi-
tion onset occurs at about the same concentration, for the biphenyl system, yf
grows almost linearly and the dispersive component remains constant with in-
creasing surface OH concentration and no wetting transition is observable.

The outlined properties make the biphenyl system ideal for the study of interfa-
cial phenomena and applications as stable intermediate binding sites for catalytic
systems.

9.2.6.1 Self-Assembly of Dipoles

The impact of the dipole moment in mercaptobiphenyls induced by the 4’-substi-
tution and the polarity of the solvent upon adsorption kinetics, formation and sta-
bility was found to be much more significant than for analog aliphatic thiols [10,
96, 98]. For example, the formation of pure and mixed SAMs of MMB and 4'-tri-
fluoromethyl-4-mercaptobiphenyl (TFMB) form different solvents were studied by
means of ellipsometry, ER-FTIR spectroscopy and wetting experiments [96]. Vary-
ing the polarity of the solvent (ethanol and toluene) it was found that the stabiliza-
tion of the polar SAM of TFMB leads either to an increasing tilt angle of the bi-
phenyls to reduce the total dipole moment of the layer or to a SAM of upright
standing TFMB which is stabilized by dipolar interactions with polar solvent mol-
ecules (Fig. 9.11). The study of mixed SAMs of TFMB and MMB of various solu-
tion compositions in the less polar toluene indicated a driving force to reach an
equally mixed SAM. This could be explained by the fact that the two components
have molecular dipoles in the opposite direction when assembled on the surface.
In fact, the experiment where pure SAMs of either MMB or TFMB were sub-
merged in a solution of the other component resulted in mixed SAMs of MMB/
TFMB of approximately the same composition (Fig. 9.11).

The above-mentioned experiments clearly show that the molecular dipoles of the
assembling units direct the morphology and composition of the resulting assembly.
The driving force for the mixing should therefore increase with increasing difference
of the molecular dipole moments of the two components. This was demonstrated in
the study of pure and mixed monolayers of the highly polar 4'-nitro-4-mecaptobiphe-
nyl (NMB) and 4'-dimethylamino-4-mercaptobiphenyl (DMAMB) [98].

When mixed SAMs of NMB and DMAMB were prepared in toluene, the sur-
face NO, concentration, as determined by external reflection FTIR spectroscopy,
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Fig. 9.12 Chemical structure of NMB (I) and DMAMB (I1). Composition
of mixed monolayers of | and Il versus the composition of the solution
(modified from ref. [98]).

displays a plateau at about 40%. If one assumes that the equilibrium concentra-
tion of the two components in the mixed SAM, in a nonpolar solvent, is driven by
the formation of a two-dimensional assembly with zero net dipole moment, the
results can be explained by using the Hammett equation.

Such control of surface functionalities, surface chemical potential, and surface
dipole is not possible in mixed SAMs of w-functionalized saturated n-alkanethiols,
since dipolar interaction of surface functionalities will result in surface reorganiza-
tion [95, 99-101].

As already indicated in Fig. 9.9 and 9.12, the induced molecular dipole by 4'-
subtituent should have a significant impact upon the tilt angle of the bonded mol-
ecule. This was examined in great detail using ER-FTIR spectroscopy of SAMs of
several 4'-subtituted-4-mercaptobiphenyls on Au(111) and Ag(111) [10].

The impact of the choice of the substrate to be either gold or silver upon a dif-
ferent molecular orientation of rigid moieties within a SAM was recently demon-
strated by Somashekarappa and Sampath [107]. They studied the impact of the
different orientation of 2,9,6,23-tetraamino cobalt phtalocyanine bound as a SAM
onto silver or gold upon their behavior in electrocatalysis. It was found that the
different tilt of the phtalocyanine macrocyles and the consequently different acces-
sibility of the metal surfaces and catalytic center results in a different reaction
pathway and oxidation products.

9.2.7
Patterned Self-assembled Monolayers

The formation of mixed SAMs composed of two components provides unique pos-
sibilities in the control of the physical and chemical surface properties. Besides homo-
geneously mixed SAMs, a directed deposition of the components results in surfaces
of controlled heterogeneity. One example reported by Liedberg et al., forming SAM
gradients (Fig. 9.6d) by controlled diffusion has already been mentioned [73].
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Fig. 9.13 a) Preparation of laterally structured  the remaining free substrate surface. b) Exam-

SAMs by the microcontact printing (LCP) ple of a structured SAM of HDT (dark) and
technique. A structured PDMS stamp is HS—(CH,)15—~COOH (bright) at for different
‘inked’” with self-assembling molecules (hexa- magpnifications, visualized by lateral force mi-

decanethiols; HDT) and placed onto a planar croscopy (LFM). (Reprinted with permission
substrate (gold). SAM formation occurs with- from: [6] Y. Xia, G. M. Whitesides, Angew.

in seconds at the areas of contact (l). The Chem. 1998, 110, 568-594; Angew. Chem. Int.
structure can be further processed by etching Ed. 1998, 37, 550-575. © Copyright 1998 Wi-
(1) or deposition of a second SAM (IIl) onto  ley-VCH).

In Fig.9.6¢) and e), patterned SAM systems are schematically outlined. They
can be prepared by lithographic tools using UV, electron beam, scanning probe
and focused ion beam lithography, by simply decomposing or desorbing a SAM
formed in selected areas using a mask or focused beams [108]. Although these
techniques are limited by the wavelength of the irradiation used, significantly
smaller features can be prepared because the thickness of the resist material is
significantly reduced to the thickness of a monomolecular layer and hence, broad-
ening of the inscribed structures during irradiation and development of the pat-
terns as known in common polymeric photoresist materials is negligible.

An alternative way to a partial decomposition of a SAM is the laterally directed
deposition of a SAM at desired loci. Whitesides and coworkers developed the so-
called soft lithography or microcontact printing (uCP) technique [6]. From elasto-
meric PDMS, a stamp with a defined relief is formed by casting and cross-linking
PDMS on a master, ‘inked’ with a thin layer of surface active molecules (thiols or
silanes) and placed on an appropriate substrate (gold, silicon dioxide etc.). At the
areas of mechanical contact, a SAM is formed and the original structure of the
stamp is positively transferred onto the substrate. The SAM has restricted forma-
tion because of the rapid physisorption/chemisorption of the thiol with the gold
substrate, with locally high concentrations and the ‘autophobicity of the resulting
SAM [109]. The remaining uncovered areas of the substrate can either be modi-
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fied by deposition of another SAM from solution or further manipulated (for ex-
ample etched). The procedure is outlined in Fig. 9.13. It was found that the quali-
ty of Au/thiolate SAMs formed by pCP is comparable to SAMs prepared by solu-
tion deposition [110].

The feature sizes that can be realized by uCP are typically within the range of
several micrometers whereas recently, Michel et al. reported a resolution of ap-
prox. 100 nm [111].

For direct patterning on the nanometer scale, scanning probe microscopy
(SPM) based techniques such as ‘dip-pen-nanolithography (DPN), [112-114]
‘nanografting’, ‘nanoshaving’ or scanning tunneling microscopy (STM) based tech-
niques such as electron induced diffusion or evaporation have recently been devel-
oped [115, 116]. The SPM based methods, allows the deposition of assemblies
into restricted areas with 15 nm linewidths and 5 nm spatial resolution. Current
capabilities and future applications of DPN are discussed in Ref. [117].

Patterned SAMs with feature sizes of comparable dimension can also be ob-
tained by using electron beam irradiation. The smallest structures that have been
generated with this technique into SAMs of n-octadecylsilane had a size of 5-
6 nm [118]. Grunze and Golzhiuser applied e-beam nanolithography and proxi-
mity printing on aliphatic and aromatic thiol SAMs on gold [119]. While irradia-
tion of SAMs of aliphatic thiols results in partial decomposition and cross-linking,
inducing high disorder by gauche-defects within the irradiated areas, irradiation of
SAMs of mercaptobiphenyls (MB) yielded an intact and most interestingly highly
cross-linked monolayer. The observed cross-linking of mercaptobiphenyls SAMs in
the irradiated areas improved the mechanical and chemical stability of the SAM
which was found to resist a consecutive wet-etching procedure much better than
the original MB SAM.

Based on this system an intriguing twist of nanolithography was developed by
the same group, the so-called chemical (nano)lithography [120, 121]. The name was
chosen, since electron irradiation of SAMs of 4-nitro-4'-mecaptobiphenyl (NMB)
results in selective and quantitative reduction of the nitro functionalities to amino
groups [122], while the aromatic biphenyl layer is dehydrogenated and cross-
linked (Fig. 9.15a). Hence, local irradiation of SAMs can be used for the chemi-
cally selective binding of functional entities using the terminal amino group. In
contrast to the above-mentioned techniques based on SPM and mechanical inter-

<

Fig. 9.14 a) Principle of dip-pen nanolithogra-  with permission from: [117] C.A. Mirkin, S.

phy (DPN) and b) example of direct writing
and positioning precision using DPN. b)
Schematic diagram with lateral force micro-
scopy (LFM) images of patterning and align-
ing multiple nanostructures via DPN. A) A
pattern of 15 nm diameter 16-mercaptohexa-

decanoic acid (MHA) dots on Au(111) B) Pro-

jected second set of dots. C) Image after a
second pattern of MHA nanodots. (Reprinted

Hong, L. Demers, CHEMPHYSCHEM 2001, 2,
37-39. © Copyright 2001 Wiley-VCH). c)
Schematic outline of SPM and STM based na-
nolithography techniques. The imaging (top)
and manipulation modes (bottom) are illu-
strated. (Reprinted with permission from:
[115] G.Y. Liu, S. Xu, Y. Qian, Acc. Chem. Res.
2000, 33, 457-466. © Copyright 2000 Ameri-
can Chemical Society).
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9.2 Self-assembled Monolayers

actions, chemical lithography is not restricted to any length scale since the use of
electron flood guns in combination with adequate stencil masks allows an effi-
cient patterning of large areas. For high resolution patterning, electron beams can
be focused to nanometer sized spots, and the resolution is only limited by second-
ary electrons that are generated during irradiation. The smallest chemical nano-
structures so far had lateral dimensions of ~20 nm (Fig. 9.15b) [120, 121].

The preparation and application of SAM systems patterned by STM and their use
in catalysis was demonstrated by Wittstock and Schuhmann [123]. The patterning
(local desorption) of SAMs from alkane thiols on gold was performed by scanning
electrochemical microscopy (SECM), followed by the assembly of an amino-deriva-
tized disulfide and coupling of glucose oxidase to form a catalytically active pattern
of the enzyme. The enzymatic activity could be monitored/imaged by SECM.

A different approach was followed by Blackledge et al. [124]. They used the cata-
lytic activity of a palladium coated SPM-tip to selectively generate a pattern into
different w-functionalized SAMs.

9.2.8
Self-assembled Monolayers as Tailored Functional Surfaces
in Two and Three Dimensions

Since virtually any functional group can be introduced in SAMs as the tail group,
SAM systems became a working platform for the study of surface confined reac-
tions involving specific chemical reactions of small molecules [125], synthetic oli-
gomers and polymers (see for example [6] as well as following paragraphs), pep-
tides, proteins [126] and DNA [127], controlled deposition of functionalized nano-
particles [128-130], formation of surface confined heterostructures [4, 6] and con-
trol of cell adhesion [131, 132]. The combination of laterally structured SAMs with
two or more different surface functionalities, the steric control of surface confined
reactions and the broad range of characterization and detection methods of thin
films resulted in numerous studies of SAM systems for directed (hierarchical)
self-assembly of molecules and small objects as well as applications in sensor
technology [133].

Specific, surface confined reactions not only directly involve catalysis but also
the built-up of self-assembled multilayers (see Fig. 9.1 (3)) with w-functionalities for
more complex (bio-) catalytic systems such as proteins or the directed deposition
of active metals. Furthermore, SAM on flat substrates can be used for the study
and development of, e.g. catalytic systems, but are not useful for large scale appli-
cations because they have very limited specific surface. Here, nanoparticle systems
covered with 3D-SAMs are the ideal solution of combining the advantages of high
surface area, defined surface composition and accessibility of proximal active cata-
lytic centers.

Auer et al. [134] presented an example for multilayer formation and controlled
deposition of functionalized nanoparticles on SAM of mercaptohexadecanoic acid
(MHA) using electrostatic interactions. As a pH-sensitive switchable linker be-
tween the SAM of MHA and negatively charged gold nanoparticles, bis-benzami-
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9.2 Self-assembled Monolayers

dine bolaamphiphiles having different alkyl spacers were used [135]. This strategy
resulted in a potentially tunable and switchable property of the entire assembly.
For example, the kinetics of adsorption as well as the final particle layer thickness
can be controlled by the kind of bis-benzamidine used as the linker (Fig. 9.16).

Nanoparticles bearing a so-called three-dimensional self-assembled monolayer
(3D-SAM) [136] coating or shell are ideal construction units for programmed, hier-
archical self-assembly of larger objects [137]. Several research groups have success-
fully assembled functionalized nanoparticles into large nanocrystalline arrays
using hydrophobic or electrostatic interactions, as well as chemical bridging [138]
or even biologically inspired specific interactions using the biotin-streptavidin sys-
tem [139] (see Fig. 9.17).

The preparation and study of nanoparticles has attracted a remarkable academic
and industrial effort of research because of their potential applications, ranging
from fundamental studies in quantum physics, fabrication of composite materials,
information storage/optoelectronics, immunoassays, to catalysts. The precise con-
trol of size and chemical behavior (stability and reactivity) by means of the synthe-
sis itself is still one of the main targets because the direct correlation of the new
intriguing properties with the particle size is just between a molecule and a bulk
material [140].

Considerable research effort was focused on systems of colloidal gold of which
a broad variety of synthetic procedures were reported [140b,f]. While native col-
loidal gold solutions are only stable for a restricted time, Brust et al. [141] were
able to overcome this problem by developing a simple method for the in situ prep-
aration of alkyl thiol-stabilized gold nanoparticles. This synthetic route yields air-
stable and easy to handle passivated nanoparticles of moderate polydispersity, and
is now commonly employed for the preparation of inorganic-organic core-shell
composites. Such composites are used as catalytic systems with principally two
different functions of the protective 3D-SAM layer. Either the metal nanoparticle
core can be used as the catalytically active center and the thiol layer is only used
to stabilize the system [142], or the 3D-SAM is used as a linker system to chemi-
cally attach further catalytic functions [143].

While the method by Brust et al. is well-suited for the passivation of the gold
colloids with simple n-alkanethiols, excessive purification of the decorated parti-
cles is required in the case of w-substituted thiols, forming polar surfaces. In this
case, a second layer of the ammonium surfactant covers the nanoparticles and the
purification process is long, and rarely successful. A solution to this problem was
a one-phase synthesis in methanol as reported by the same group. Yee et al. [144]

<

Fig. 9.16 a) Schematic outline of the conse-
cutive built-up of SAM/nanoparticle compo-
sites by means of charge interactions. Three
different bis-benzamidines were used to serve
as a linking layer, variing their alkyl chain

length: n=5 pentamidine (PAM), n=38 octa-

midine (OAM) and n =12 dodecamidine
(DODAM,). b)Real time change in layer thick-
ness during the adsorption of MUA-modified
gold nanoparticles on bis-benzamidine-MHA
modified gold surfaces as measured by in situ
ellipsometry (modified from ref. [134]).
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reported a simple one-phase preparation of thiol-functionalized gold, palladium,
and iridium nanoparticles, using surfactant-free conditions in THF as the solvent
and lithium triethylborohydride as the reducing agent. An alternative route to in-
troduce chemical functionalities into a 3D-SAM is a post-synthesis exchange reac-
tion, successfully employed by several research groups [145].

The main difference between a 2D-SAM on a flat surface and a 3D-SAM on a
nanoparticle is their high ‘surface curvature’. The entire size of the substrate is
within the similar dimension as the thickness of the SAM. This does not allow
the formation of a uniform crystalline SAM but can rather be pictured as a SAM
on a substrate with a considerable number of surface defect sites. This is also ex-
pressed by the significantly higher total amount of bonded alkanethiols on a given
specific surface area on gold nanoparticles. For early in-depth investigation on 3D-
SAM of alkanethiols on gold nanoparticles as well as their assembly/crystalliza-
tion and order/disorder ratio as a function of the particle size and chain length of
the alkanethiol shell please refer to Refs. [145-149].

9.3
Polymers on Surfaces

In the second part of this Chapter the thickness of the organic layer under discus-
sion is slightly increased and a closer look at recent developments of more com-
plex surface-bonded systems involving polymers is outlined. Despite the introduc-
tion of flexible polymer chains, the surface coating should still be defined and un-
controlled heterogeneities minimized. Here, especially, polymer brush-type layers
where self-assembled monolayers (SAMs) are used as two-dimensional template
systems for the preparation of well-defined surface coatings will be subject of a
more detailed discussion.

For many applications such as catalysis and possible functional devices, SAMs
are simply too thin, the organized structure not flexible enough or the sterical sit-
uation within the layer too confined in order to incorporate a desired function or

<

Fig. 9.17 Examples of self-assembly of nano-
particles by a) hydrophobic interactions via a
shell of unfunctionalized n-alkanes. Depicted
is a Schematic 2D Representation of the RS/
Au nanoparticle packing structure in the solid
state. Domains or bundles of ordered al-
kylthiolate chains on Au particles interdigitate
into the chain domains of adjacent particles
in order to compensate the free volume of
the outer region of the alkyl shell (Reprinted
with permission from: [146] A. Badia, L. Cuc-
cia, L. Demers, et al., J. Am. Chem. Soc. 1997,
119, 2682-2692. © Copyright 1997 American
Chemical Society). b) Direct comparison of
hydrophobic interactions and chemical bridg-

ing. TEM micrographs of monolayer films of
3.7 nm gold nanoparticles supported on

MoS,. (A) Unlinked array encapsulated by do-

decanethiol. (B) Cluster network linked by a
2.0 nm-long aryl dithiol (reprinted with per-
mission from: [138d] R.P. Andres, J.D. Biele-
feld, J.1. Henderson et al., Science 1996, 273,

1690-1693. © Copyright 2000 American Asso-

ciation for the Advancement of Science). c)
Example for the self-assembly of nanoparti-
cles using specific interactions: Two routes
for aggregation of gold nanoparticles using
streptavidin and a disulfide-biotin analogue
(modified from ref. [139]).
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Fig. 9.18 The polymer spacer concept for the
construction of a biomimetic cell membrane
on solids. Mesogenic units, coupling groups
and the flexible polymer can be combined
either in form of a statistical terpolymer
(above). Variation of the ratio of the three
monomers allows an easy tuning of the sys-
tem. In an alternative system, an end-functio-
nalized linear hydrophilic polymer chain bear-
ing a coupling group at the proximal and the
mesogen at the distal end was employed.
After grafting the polymers onto a substrate,
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pared by e.g. vesicle fusion (modified from
ref. [51, 150]). A polymer-tethered fluid lipid
membrane can function as the optimal host
matrix for membrane associated proteins.
Such constructs would enable the detailed
study of cell membrane associated processes
such as cell—cell recognition, transport phe-
nomena and biocatalysis. However, despite
many promising approaches and candidates,
a robust functional biomimetic membrane
system for technological applications has not
jet been developed.

a polymer-tethered lipid bilayer can be pre-

respond to changes in the environment in a dynamic and reversible way. One
approach to increase the layer thickness of well-ordered self-assembled structures
of up to 100 nm is the formation of SAM and LB multilayers by means of con-
secutive preparation steps (Fig.9.1 (3)) [5, 108]. This strategy was successfully
applied by several research groups, but requires the constant intervention of the
experimenter to put one type of monomolecular layer on top of the other. The dy-
namic behavior of the layer is limited by the crystal-like organization of the sys-
tem and the extreme confinement of all surface-bonded molecules. Hence, surface
defects such as interfacial roughness or chemical heterogeneity become aug-
mented with each additional layer deposited. This can be overcome by introduc-
ing some flexibility into the system.

In 1991, Ringsdorf and coworkers [150] introduced the polymer spacer concept into
the field of ultrathin organic layers that combines the intrinsic organization of small
amphiphilic moieties and the flexibility and dynamic behavior of polymers (Fig. 9.1
(4)). Successive publications [151, 152] demonstrated the potential of this approach
to overcome substrate defects, provide an ‘inner compartment with water and ion
storage capabilities for water, ions (buffer) or other analytes, enable the fluidity of
the layer (diffusivity of the lipids within the bilayer) and improve the elasticity of
the lipid bilayer membrane. This resulted in a second-generation system to mimic
a cell membrane surface as outline by Sackmann [153]. Based on this idea, Jordan
et al. [51, 154-156] synthesized a system based on amphiphilic end-functionalized
poly(2-ethyl-2-oxazoline)s and demonstrated the impact of the delicate ratio between
a flexible polymer part and the organizing lipid end group in the surface-bound li-
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popolymers upon the formation of a defined layer morphology, the total film thick-
ness as well as on the stimuli responds of the amphiphilic layer.

While in neither system did the total film thickness exceed several nanometers,
swelling and contact angle measurements displayed dynamic behavior of the am-
phiphilic surface, and the reversibility of the ordering-disordering process.

To prepare thicker polymer films, one can easily spin-coat or adsorb polymers
onto a planar substrate from concentrated solutions using, for example, coulomb
interactions. Layered structures can be obtained by consecutive procedures or by
deposition of segregating block-copolymers. These techniques result in layered
structures suitable for a variety of applications. One of the few examples demon-
strating the consecutive deposition of polymers by means of a self-assembling
technique was developed by Decher et al. [157]. He used strong coulomb-interac-
tions to create multilayers of oppositely charged polyelectrolytes (Fig. 9.1 (7)).

However, polymer layers deposited by the techniques mentioned are in most
cases subject to irreversible rearrangements because no specific, or only relatively
weak, interlayer interactions are present. For stabilization, high molar mass poly-
mers with high melting or transition temperatures are used or consecutive cross-
linking reactions are applied. Within the layer, the polymers adopt random coil
morphology and chemical functionalities are isotropically distributed and oriented
with respect to the surface. Anisotropic orientation or enrichment of polymer
bond functional groups can only be expected within the thin interfacial regions.
Upon relaxation, an introduced layered structure typically dissolves [158].

By studying the properties of polymer layers on solid surfaces it soon became ob-
vious that not only is the chemical composition of the immobilized polymer crucial
for the performance of the material, but so is its morphology. This has been recog-
nized in various fields of applications e.g. stabilization of small particles suspensions
by attached polymer brush-type layers [159, 160], control of adhesion [161] or friction
[162] and tailored stationary phases for chromatography [163-165].

The use of polymeric coatings in catalysis is mainly restricted to the physical
and sometime chemical immobilization of molecular catalysts into the bulk poly-
mer [166, 167]. The catalytic efficiency is often impaired by the local reorganiza-
tion of polymer attached catalytic sites or the swelling/shrinking of the entire
polymer matrix. This results in problems of restricted mass transport and conse-
quently low efficiency of the polymer-supported catalysts. An alternative could be
a defined polymer coating on a solid substrate with equally accessible catalytic
sites attached to the polymer (side chain) and uniform behavior of the polymer
layer upon changes in the environment, such as polymer brushes.

The unique behavior of polymer brushes at an interface results from the fact
that they consist of end-grafted, strictly linear chains [168] of the same length
[169]. The grafting density has to be sufficiently high with respect to the free
radius of gyration (Rg) of the macromolecules. In order to avoid crowding, the
chains are forced to stretch away from the interface, resulting in a brush height
(h) significantly larger than the typical chain dimension (Ry) of a free chain.

In consequence, a significantly larger uniform structure is obtained for a given
molecular weight. This is important for the ‘reaction time’ for a responding sys-
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tem such as a polymer brush. Entanglement and high molecular weight, broaden
the relaxation time window of the response to reach a new thermodynamic equi-
librium upon a change in the environment. In brush systems, entanglement is
already minimized by the confinement and consequent alignment of the brushes.
High molecular weight polymers are principally not necessary to obtain layer
thicknesses at the nm-pm scale for a stretched brush system (Fig. 9.1 (6)).

The layer thickness or brush height h in a good solvent scales linearly with the
degree of polymerization N, as well as with the grafting density ¢ as hoc N ¢'/°.
This can be written as [170]:

h= (12/7)*No'* (w/v)/? (3)

Because of its confinement and uniform polymer constitution, the preorganized
polymer brush reacts collectively to environmental stimuli such as changes of the
pH or ion strength [171-173], temperature [174], solvent quality or mechanical
forces [175, 176], irradiation [177] or redox reactions [178].

Polymer brushes were found to minimize adsorption of proteins by the ‘soft’ or
‘steric’ repulsion of the flexible yet immobilized macromolecules [179], although a
generally valid explanation of the protein resistant properties of some hydrophilic
brushes is not available. A similar explanation can be formulated for the improve-
ment of the colloidal stability of particle suspensions, when polymer ‘brush-type’
layers are bound to small particles. This and other intriguing features of polymer
brushes prompted a remarkable experimental and theoretical research activity in
order to understand and exploit the unique properties of polymer brushes.

A successful theoretical description of polymer brushes has now been estab-
lished, explaining the morphology and most of the brush behavior, based on scal-
ing laws as developed by Alexander [180] and de Gennes [181]. More sophisticated
theoretical models (self-consistent field methods [182], statistical mechanical mod-
els [183], numerical simulations [184] and recently developed approaches [185]) re-
fined the view of brush-type systems and broadened the application of the theoret-
ical models onto more complex systems, although basically confirming the origi-
nal predictions [186]. A comprehensive overview of theoretical models and experi-
mental evidence of polymer brushes was recently compiled by Zhao and Brittain
[187] and a more detailed survey by Netz and Adelmann [188].

The properties mentioned make polymer brushes ideal systems for the prepara-
tion of preorganized ‘intelligent’ materials to serve as functional devices on signifi-
cantly larger length scales [189, 190].

9.3.1
Polymer Brushes by Surface-initiated Polymerizations

Traditionally, polymer brushes have been prepared by: (a) selective physisorption
of block-copolymers from bulk or solution onto a solid surface, where a shorter
‘anchor’ block adsorbs strongly onto the surface, leaving the remaining ‘buoy
block tethered to the interface [191] or by (b) chemical grafting or chemisorption
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a) "grafting onto’ b) ‘grafting from’ c) consecutive steps

" M 4nm
‘ " { /
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Fig. 9.19 Preparation of polymer brushes on as initiators or initiator precursors are espe-
solid surfaces by a) chemical grafting of end- cially suitable for the design and control of
functionalized linear polymers or selective ad- surface-bonded initiator sites. c) Preparation
sorption of asymmetric block copolymers and of block copolymer and end-functionalized
b) by surface-initiated polymerization (SIP) brushes via surface-initiated controlled or liv-
using initiator functions on the solid surface. ing polymerization techniques (modified from

The depicted SAM bearing w-functionalities  ref. [194]).

of polymer chains onto a reactive surface via a terminal coupling group [192].
However, both techniques have their limitation in terms of the maximum grafting
density that can be obtained. It is easy to picture that chains that are already ad-
sorbed, screen grafting sites still available in their vicinity, because a tethered poly-
mer chain tries to maintain its random coil conformation (Fig.9.19a). As the
grafting density increases, the chains have to increasingly stretch to allow further
grafting, which results in a decrease of the rate of grafting kinetics [193] At some
point, a limiting situation is reached that is dominated by the free energies of
stretching, chain—chain interactions, and solvation. Hence, the grafting density of
a brush, formed by the traditional ‘transplanting’ methods, is self-limiting [194].
Indeed, although brushes have been theoretically successfully modeled using scal-
ing arguments, effective synthetic routes for defined polymer brushes on solid
surfaces, where the average distance between grafted polymers d is significantly
smaller than R, have only recently been developed. The limitation by the impair-
ing adsorption process of large polymers was overcome by the grafiing from’
method.

In this method, a reactive group on the surface initiates the polymerization,
and the propagating polymer chain grows from the surface (Fig. 9.19b). In princi-
ple, it can be employed with all polymerization types, and a number of papers
have reported high amounts of immobilized polymer using surface-initiated poly-
merization with various initiator/monomer systems. If controlled or living poly-
merization techniques are used, block copolymer or end-functionalized polymer
brush systems can be prepared in consecutive reaction steps (Fig. 9.19¢).
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To realize surface-bonded initiating sites or their precursors, a variety of methods
are applicable. Either organic (polymer) surfaces are irradiated or plasma treated to
yield suitable functional groups [187, 195] or inorganic supports are covered with an
interlayer of functional polymers bearing the desired groups. However, to gain con-
trol over the quantity of surface reaction sites and define the surface chemistry, in-
terlayers of low molar mass a,w-functionalized surface active compounds are suit-
able. For the latter, the advantages of SAM systems of w-functionalized silanes on
oxide surfaces or thiols on metals already outlined, are especially intriguing (see
again Fig. 9.6). Hence, in the following, the focus is trained on these systems.

9.3.2
Surface-initiated Polymerization Using Free Radical Polymerization

To initiate free radical polymerization on a surface, the common initiators as used in
solution polymerization are employed. This includes peroxides, symmetric and
asymmetric azo-compounds, as well as redox systems. The initiator/monomer sys-
tems immobilized on different substrate types along with the monomers used have
been compiled in Tab. 9.2.By the early 1970s, Hamann and Laible et al. [202-207]
had reported on the preparation of polymer layers on silica and titanium dioxide
particles prepared by SIP. Extensive work is reported, on a variety of azo-initiators
based on 1,4-substituted aryl compounds directly bond to the oxide surfae. The
azo function was varied in the terminal substitution and the SIP behavior studied
for most of the common vinyl monomers. Tsubokawa and Sone et al. [196-201]
grafted polymers onto carbon black particles by SIP using azo-initiators, peroxides
and redox systems with were bond via the surface phenol groups to carbon black.
Since at that time elaborate characterization techniques had not yet been devel-
oped, the main criterion was the pure amount of polymer bound to the colloidal
particles, taking full advantage of the high surface area of the supports and there-
fore the high total amount of initiator. However, the principle was demonstrated
and the main initiator types of free radical SIP screened. Based on the work of
these two groups, several other researchers developed SIP using more sophisti-
cated initiator systems such as symmetric azo compounds (supposedly) bound on
both sides to the substrate surface [212-218] via a thiol group on gold surfaces, a
silanization reaction onto silica or glass or employing another coupling reaction
on prefunctionalized surfaces using, for example a,w-amino silanes. The decom-
position of a surface-bound azo initiator results in one free and one immobilized
radical. Since the initiator preparation is performed in most cases directly on the
surface and the question of the number of bonds formed by one or both of the
groups can only be estimated, this initiator is in principle suitable for SIP,
although no defined SAM system of initiators can be formed. Especially, when
thiol terminal groups are used for attachment onto gold [215], desorbed thiols can
impair the SIP by acting as a chain transfer agent. Therefore, Dryer et al. recently
addressed this point and presented a detailed study of a corresponding system
using contact angle measurements, ellipsometry, ER-FTIR spectroscopy and XPS.
They found that even with a relatively long n-alkyl spacer between the azo func-
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tion and the thiol, the initiator forms an unorganized surface layer with the initia-
tor bonded only by one surface-active group. The remaining thiol group is most
likely oxidized by air [215a]. The poorly-defined surface morphology of the initia-
tor is explained by the lack of a suitable mesogen as discussed in the previous
part of this chapter on SAMs. The problem of poorly-defined surface chemistry
during immobilization or in situ generation of the initiator was tackled by Riihe et
al. using a preformed AIBN analog equipped with a monofunctional silane group
[e.g. 226, 227] or thiol [238]. Additionally, the initiator featured a cleavable group
to detach the resulting polymer brushes and analyze the amount, molecular
weights and polydispersities of the polymer formed by SIP. They presented de-
tailed studies of, for example, the effect of the polymerization temperature and
surface concentration of the initiators ranging from a monolayer to submonolayer
coverage upon the standard polymer analytical values. High grafting densities
(0~3 nm), high molecular weights and thick polymer brush layers have been re-
ported. Besides the polymerization of styrene as the reference monomer to investi-
gate SIP, functional monomers bearing a mesogen for the preparation of liquid
crystalline polymer brushes [216], methacrylates bearing a dye label [238] or per-
fluoroalkyl chains for the preparation of low surface free energy polymer brushes
[217] were polymerized. Despite the fact that free radical polymerization suffers
from termination and transfer reactions, which results in a typical polydispersity
index (PDI=My/M,) of 1.5 to 2, a linear relationship between the polymerization
time and film thickness was found. In general, surface-initiated free radical poly-
merization proved to be an effective method of immobilizing polymer brushes
with high molecular weights on a variety of surfaces. The polymer brush layer be-
comes dense so that, for example, the original support, such as colloidal silica par-
ticles, can no longer be dissolved in a solution of concentrated HF [213D, 226).
Free radical SIP seems to have much in common with bulk polymerization. This
was observed by Schouten and coworkers, who reported on a pronounced Tomms-
dorff effect in the surface confined free radical polymerization [212].

Miller et al. [209-211] reported extremely thick polymer (brush) layers of
poly(acrylamide) formed by SIP with redox initiators of primary alcohols and
Ce(IV) which can be easily visualized by light microscopy [211]. With this initiator
system, as originally developed by Mino and Kaizermann [249, 250] for the SIP of
vinyl monomers from cellulose and also applied by Tsubokawa et al. [200, 201] for
carbon black, Miiller and coworkers prepared a row of polymer brush type electro-
Iyte layers on porous silica as high capacitance ion-exchange stationary phases
(there called ‘tentacle-type’) for the separation of biopolymers. Polyelectrolyte
brushes can also be formed by polymer analog quaternization of poly(4-vinylpyri-
dine) brushes as reported by Biesalski et al. [230, 231]. Polyelectrolyte brushes are
of special interest because their morphology and physical behavior are dominated
by the strong electrostatic interactions along the grafted chain and within the poly-
mer layer [242]. As an alternative to covalent attachment of the initiator molecules,
ionic groups can be used to prepare permanently grafted brushes by SIP. In fact, in
the 1950s Dekking et al. [221, 222] used 2,2"-azobisisobutyramidine as the very first
initiator systems for the free radical SIP. This class of surface initiator is relatively
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/ selective solvent for P1
P1 P2

Non-selective
solvent \

Fig. 9.20 Grafted heterogeneous polymer brushes in different environments and
principle of switching : (a) Structure in a nonselective solvent, (b) in a selective
solvent for polymer P1 (e.g. PS), and (c) in a selective solvent for polymer P2
(e.g. P4VP) (modified from ref. [214]).

selective solvent for P2

simple to prepare from commercially available compounds and was later revisited by
other groups to form responsive polymer brushes of poly(N-isopropylacrylamide)
(PNIPAM) on planar substrates to control bacteria attachment and detachment
[220] or to form pattered polymer brushes by pCP of SAMs and enhancement of
the patterns by SIP [219]. Suter and coworkers found that using this initiator on
mica, initiation from the surface plays a minor role in the formation of the sur-
face-bound polymer but instead, a ‘grafting onto’ mechanism dominates, in which
active chain ends react with the decomposition product of the initiator [223]. The
same group [224, 225] alternatively used quaternary amino groups to attach perox-
ide initiators for the SIP of styrene on high surface area mica.

The development of surface analytical techniques enabled detailed investiga-
tions of polymer brush dynamic behavior or morphology. Today, SIP is frequently
carried out on flat surfaces and studied in detail regarding these aspects. Espe-
cially, the dynamic swelling behavior of brush systems as a collectively and fast-re-
sponding functional system was studied by e.g. SPM [228], ellipsometry [194, 233,
243] or scattering methods [244, 245]. Although the preparative possibilities of
free radical polymerization is limited to homopolymers or statistical copolymers,
heterogeneous polymer brushes could be created. Minko and Stamm [214] succes-
sively polymerized styrene and 2-vinylpyridine on surfaces functionalized with azo
initiators. They demonstrated a controlled change in the layer morphology by se-
lective swelling (Fig. 9.20).

Laterally-defined heterogeneous polymer surfaces can be created by using a
homogeneous layer of an azo initiator. UV irradiation through a mask in the pres-
ence of monomer leads to the locally confined photopolymerization [234]. A sec-
ond polymerization using the remaining initiators results in patterned surfaces
composed of two types of polymer brushes [238]. However, the lateral resolution
of obtainable patterns is limited by the irradiation used and type of mask (in this
case polymer brush patterns of 260 um spaced by ~40 um were formed).
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Chilkoti et al. took advantage of the HCP method to prepare patterned SAM of
mercaptoundecanoic acid (MUA) for the binding of 2,2'-azobisisobutyramidine.
Thermal SIP resulted in the topographical enhancement of the originally printed
SAM structure with feature size of about 40 um [219]. Also, the selective binding
of thiols onto gold can be used for spatio-selective SIP. Dryer et al. [215] used gold
patches on silicon wafers, bonded a SAM onto the gold and used the functiona-
lized SAM/Au patches (~90 x 90 um?) for photopolymerization of styrene.

In recent examples, the morphology of the initiator layer was mainly that of a
surface modification and not that of an organized SAM. As an alternative, one
can also use a cross-linked or otherwise immobilized macromolecular interlayer
containing azo or peroxide initiators [246-248], or redox systems (-OH//Ce(IV))
[249-251]. In most of the reported work, the choice of the linker between the sur-
face coupling group and the actual initiator is mainly determined by the chemis-
try of the synthesis of the initiator rather than to ensure the formation of a well-
ordered SAM. For alkyl derivatives it appears that the bulky azo function inhibits
the formation of a crystalline-analog SAM on gold when the entire initiator is im-
mobilized. Surface analog reactions on SAMs may circumvent this problem but
the surface chemistry has to be tailored to the steric situation at the interface
(Fig. 9.6). Additionally, the problems of detached thiols as potential chain transfer
agents are discussed in the corresponding reports since SAM of thiols are limited
in their thermal stability or during UV irradiation.

Recently, Schmelmer et al. combined the chemical lithography of well-defined
SAMs of 4,4'-substituted mercaptobiphenyls (see Fig. 9.15) and enhancement of
surface patterns by means of SIP to create patterned polymer brushes on the mi-
crometer and nanometer scale [241]. The selectivity, flexibility, high throughput
and superior resolution of chemical lithography make it an ideal technological
platform for the preparation of SAM patterns amplified by SIP. The preparation
of initiator sites and a consecutive polymerization was first carried out without
structuring: a SAM of 4,4"-nitromercaptobiphenyl (NMB) on Au(111) was con-
verted to cross-linked 4,4'-aminomercaptobiphenyl (AMB) SAM by irradiation with
e-beams. The terminal amino groups were then diazotized and reacted with
methyl malonodinitrile to give a surface-bound monolayer of the 4-substituted
mercaptobiphenyl azomethylmalonodinitrile (c(MBA) (see Fig. 9.21).

Phenylazoalkyl malonodinitriles and their derivatives are known as second genera-
tion initiators for the radical polymerization of a broad variety of vinyl compounds to
prepare graft copolymers in solution [252] as well as for SIP [203-207, 238]. In con-
trast to commonly used symmetrical azo initiators, thermal or photo-initiated decom-
position yields one (in our case bound) phenyl radical of high reactivity and one (free)
malonodinitrile radical which is not capable of initiating radical polymerization be-
cause of its resonance stabilization. In other words, by decomposition of the surface-
bound asymmetric phenylazoalkyl initiator, the polymerization is only initiated at the
surface and not by a cleaved free radical in solution, as with dialkylazoinitiators.
Furthermore, previous results indicate that the radical polymerization initiated by
phenylazomethyl malonodinitrile follows a controlled polymerization mechanism,
since in ‘grafting from’ reactions the degree of polymerization of the side chains
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9.3 Polymers on Surfaces

can be varied with the reaction time and the typical polydispersity index is signifi-
cantly lower (M,,/M,,~1.4) than in free radical polymerization. It is suspected that
the methyl malonodinitrile radical acts as a reversible termination agent [253].

The monolayer of cMBA was then exposed to a solution of styrene in toluene at
80°C.

Inspection of the substrates with ER-FTIR spectroscopy, AFM and ellipsometry
revealed that the surfaces were homogeneously covered by a polystyrene (PS) brush
layer with a typical polymer layer thickness of 6.3 nm after a polymerization time of
6 h. The surface modification proved to be surprisingly stable at elevated tempera-
tures and good solvent environments (soxhlet extraction) because of the cross-linked
SAM support and the known stabilization effect of the polymer brush itself. Inspec-
tion of the AFM scans of the polymer brush in comparison with the native polycrys-
talline gold substrate showed the rendering of the single gold crystals, decreasing the
step height of individual crystals from ~2.5 nm to approximately 1 nm and a small
decrease of the root mean square roughness value of 0.7 nm in contrast to the orig-
inal surface roughness of the gold substrate of 0.9 nm.

The preparation of structured polystyrene brushes was carried out following the
same procedures, only the irradiation was performed through a stencil mask with
circular openings of 800 nm radius that was placed on the NBT covered substrate.
Fig. 9.22 shows an SEM micrograph.

The dark dots represent areas where the NMB SAM was converted to AMB by
irradiation, reacted further to cMBA and the SIP of styrene took place with good
selectivity and uniformity. SPM scans revealed typical heights of the PS dots of
6 nm, a width of 1.6 pm spaced with a periodicity of 2.5 um which is a one-to-one
translation of the feature size of the mask. Investigation of different areas by
AFM showed almost no variation of the structures.

Using a stencil mask with slits varied between 300 and 70 nm nanometer size
structured polymer brushes were created following the same procedure, resulting
in a one-to-one translation of the mask patterns.

The structures obtained created by the combination of chemical lithography and
SIP are significantly smaller than features reported with comparable techniques.
The advantage of this approach is not only the free choice of surface structures
which can be created, the material contrast which can be realized by the combina-
tion of chemical lithography and amplification with SIP, but also the potential to
bridge the gap in structural feature sizes ranging from the microscopic to the nano-
scopic scale. Since the feature sizes reported are still limited to the features of the

<

Fig. 9.21 Reaction and preparation scheme exposure to a vinyl monomer (styrene) and
starting from SAMs of NBT on Au(111) (a). heating to 80°C, the radical polymerization re-
By exposure to electron beams, intralayer sults in a polymer brush layer at the irra-
cross-linking and conversion of the terminal diated areas (d) (Reprinted with permission
nitro group to the amino group occurs, result-  from: [241] U. Schmelmer, R. Jordan, W.

ing in cABT (b). Diazotization and coupling Geyer, et al., Angew. Chem. 2003, 115, 577-
of malonodinitrile gives a SAM bearing an 581. © Copyright 2003 Wiley-VCH).

asymmetric azo-initiator: cMBA (c). Finally, by
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8
pm ——
Fig. 9.22 a) SEM micrograph of polystyrene age of a small region of a similar substrate
brushes generated via SIP on a substrate that along with a height profile along the line indi-
was irradiated through a stencil mask with a cated. (Reprinted with permission from: [241]
coarse grid with 60 um periodicity. Each U. Schmelmer, R. Jordan, W. Geyer, et al., An-

square contains an array of circular holes of gew. Chem. 2003, 115, 577-581. © Copyright
1.6 um dots (2.5 um periodicity). b) AFM im 2003 Wiley-VCH).
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Fig. 9.23 AFM micrographs of PS brushes a) ~200 nm, b) ~70 nm wide lines (Reprinted
generated by SIP on a chemical nanolithogra- with permission from: [241] U. Schmelmer, R.
phy substrate prepared by a stencil mask with  Jordan, W. Geyer, et al., Angew. Chem. 2003,
a slit pattern. The height profiles below the 115, 577-581. © Copyright 2003 Wiley-VCH).

images show an average profile along the
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mask used, direct writing with a focused e-beam should result in patterned polymer
brushes of features matching the size of the immobilized macromolecule.

9.33
Surface-initiated Polymerization Using Living lonic Polymerization

In comparison to the numerous accounts that are reported for free radical SIP, re-
ports on living cationic or anionic SIP are scarce. This is mainly because the nature
of the polymerization is sensitive, and the amount of initiator is tiny, and hence, the
resulting total numbers of propagating polymer chains within the reactor is also
small. Even amounts of impurities forming a sub-monolayer concentration on the
reaction flask would strongly interfere with the living polymerization. One solution
to this problem is to increase the specific surface area of the substrate by using small
or porous particles and thus increasing the total number of surface-bond initiators in
the reaction. Another possibility is to initiate ionic polymerization on the surface and
in the solution to use the free propagating species as scavengers for undesired ter-
mination. In any case, the living ionic polymerization and especially anionic SIP
is experimentally rather difficult to perform, especially on flat substrates with just
a couple of square centimeters surface area to cover. Despite these experimental dif-
ficulties, it is worthwhile to look into living ionic SIP. The synthetic possibilities of
living SIP reactions are unique, such as the formation of homopolymers with low
polydispersities, synthesis of defined block copolymers and the introduction of func-
tional end groups results in polymer brushes of uniform length, (multi)layered poly-
mer brushes which may not be obtainable by the ‘grafting onto’ approach, as well as
polymer brushes with defined terminal end groups (Fig. 9.19). Additionally, the uni-
form growth of the polymer brush during polymerization and the absence of cross-
linking, chain transfer and combination guarantee the formation of a well-defined
brush of strictly linear chains of uniform length. In free radical polymerization
the propagating species are confined within a thin surface layer which enhances
the probability of side reactions such as combination and cross-linking by chain
transfer. Furthermore, the decomposition of the initiator to the reactive radical spe-
cies occurs throughout the propagation reaction of the polymerization. At advanced
reaction time, this will lead to problems in mass transfer of the monomer through
the increasingly denser polymer brush layer. Schouten [254] already pointed out that
in the case of living ionic SIP where the initiation is much faster than the propaga-
tion reaction (k;>>k;) no grafting sites (propagating chain ends) are screened.

On the other hand, the observed polydispersities of polymer brushes prepared
by SIP are still within the range of polymerization in solution. This may also be
because the impact of transfer and other side reactions only partially shows up in
the final surface-bonded brush since the fraction of created polymers which is not
bonded on the surface, is simply washed away. In general, for most of the poly-
merization reactions employed, cross-linking, competitive side and termination
reactions are augmented in surface-initiated polymerizations because of the ex-
tremely small total number of reactive chain ends, as well as their high concentra-
tion, confined in a thin layer. Recalling the characteristics of a brush, as a layer of
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linear chains of uniform length, controlled/living polymerization reactions are
most suitable for their formation.

9.3.3.1 Surface-initiated Polymerization Using Living Anionic Polymerization

Recalling the demands on the polymer architecture of a polymer brush and the
projected properties in terms of swelling, wetting and friction, as described in the
theoretical work, the brush has to consist of linear polymer chains of the same
length at high grafting densities. The closest approximation to this can be ob-
tained by the living anionic SIP (LASIP). The experimental difficulties outlined
mean that only relatively few examples of LASIP are documented in the literature.

For example, Ohkita et al. [255] reported that OLi surface groups created by the
treatment of carbon black with n-Buli are reactive enough to start LASIP of MMA
and acrylnitrile (AN) but not styrene or a-methylstyrene. These monomers were
only polymerizable in the presence of crown ethers [256, 257].

Braun et al. [258] used a combination of tert-butyllithium (-BulLi) and tetramethy-
lethylenediamine to create initiator sites at the surface of carbon black for the LASIP
of styrene. Schomaker et al. [259] first immobilized a methyl methacrylate derivative
on colloidal silica and after activation by a Grignard reagent polymerized MMA.

Based on this approach Schouten et al. [254] attached a silane-functionalized sty-
rene derivative (4-trichlorosilylstyrene) on colloidal silica as well as on flat glass
substrates and silicon wafers and added a five-fold excess Buli to create the active
surface sites of LASIP in toluene as the solvent. With THF as the reaction medi-
um, the BuLi was found to react not only with the vinyl groups of the styrene de-
rivative but also with the siloxane groups of the substrate. It was found that even
under optimized reaction conditions, LASIP from silica and especially from flat
surfaces could not be performed in a reproducible manner. Free silanol groups at
the surface as well as the ever-present impurities adsorbed on silica, impaired the
anionic polymerization. However, living anionic polymerization behavior was
found and the polymer load increased linearly with the polymerization time. Poly-
styrene homopolymer brushes as well as block copolymers of poly(styrene-block-
MMA) and poly(styrene-block-isoprene) could be prepared.

Because of the difficulty in investigating polymer layers on small particles, the
characterization of the obtained materials was mainly restricted to accounts of the
total amount of grafted polymer, and to estimations of the grafting density based
on the remaining initiation sites. Hence, no detailed information on layer and
polymer morphology or brush characteristics could be provided.

Till now, only three reports on the preparation of polymer brushes by means of
surface-initiated anionic polymerization on planar substrates with accounts on the
morphology and special properties can be found.

Jordan et al. [194] presented the only report of LASIP on planar substrates
using a well-defined SAM as the initiatior system.

In an all-glass reactor, a SAM of 4',4-bromo-mercaptobiphenyls on Au(111) sur-
faces was converted to biphenyllithium moieties by treatment with sec-Buli to in-
itiate anionic polymerization of styrene on gold substrates (Fig. 9.24).
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Fig. 9.24 Reaction scheme for the surface-in- rigid self-assembled monolayer of 4'-lithio-4-
itiated living anionic polymerization using the mercaptobiphenyl [194].
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Fig. 9.25 Surface topography of grafted polystyrene brushes layer after soxh-
let extraction as probed by SPM. a) Typical scan (10x10) um? with detailed
scans as marked in the overview along with the dept profile analysis along
the indicated lines (Reprinted with permission from: [194] R. Jordan, A. Ul-
man, J.F. Kang, et al., J. Am. Chem. Soc. 1999, 121, 1016-1022. © Copyright
1999 American Chemical Society.

415



416

9 New Strategies in the Synthesis of Grafted Supports

It is noteworthy that the choice of the SAM system of rigid mercaptobiphenyls
thiols avoided the effect of surface reconstruction discussed previously. Analog SAMs
made of longer alkanethiols (Fig. 9.7 and 9.10) may most probably not be suitable
when the polymerization medium (in this case benzene/cyclohexane) is nonpolar.
This would first reduce the number of initiator sites and secondly lead to an unfavor-
able k; /kj, ratio. The thickness of the resulting polystyrene brush in the dry (collapsed)
state, as estimated by ellipsometry and atomic force microscopy (Fig. 9.25), was
18+0.2 nm. These techniques also reveal a smooth homogeneous polymer surface
throughout the substrate on the macroscopic, as well as on the microscopic scale,
with a roughness of 0.3-0.5 nm (rms). However, treatment of the substrate with BuLi
and the complications of transferring planar substrates in and out of an all-glass re-
actor also gave rise to microscopic and macroscopic defects. The extremely dense
polymer brush around such defect sites were partly desorbed or originally of lower
grafting density because the lithiated SAM shows incomplete formation.

A polymerization degree of N=382, and grafting density of approx. 7-8 chains
per Ré, or 3.2-3.6 nm” per chain was calculated using mean-field theory [170,
260], based on results from swelling experiments. In numerous experiments it
was observed that LASIP was only possible when simultaneously, living anionic
polymerization was performed in solution by the presence of small amounts of
unreacted Buli. The molecular weight of polymer created by LASIP was about
34x10° g mol™’, the simultaneous polymerization in solution yielded a molecular
weight of 1.6x10° g mol™". This is in agreement with observations of other groups
that the SIP of controlled polymerization reactions proceeds significantly slower
than in solution, because they are confined.

Polarized ER-FTIR spectra of the PS brush layer indicated strongly stretched
and preferentially oriented polystyrene chains. Upon closer inspection of the
VCH, region (3000-2800 cm™) of the spectra of a deposited bulk PS film and of
the PS brush, the relative intensities are significantly different for both spectra.
For example, while the ratio vCH;(as)/vCH,(s) is approx. 4.5 in the ‘bulk spec-
trum, 210 was found in the spectrum of the extracted polymer brush. Differences
in ratios of CH-aromatic stretching modes are also noticeable. This indicates an
apparent difference in the average chain orientation between bulk and tethered
polystyrene chains. Such an orientation can only be explained if the chains are
considerably stretched by the high grafting density.

One of the unusual properties of dense polymer brushes is their wetting behavior
towards identical polymers [261]. In contrast to a simple liquid, which always
spreads on a free surface of identical surface tension, a homopolymer may de-wet
a substrate of identical chemical composition. If the interfacial macromolecules
are confined in some way, i.e. tethered at one end so that they form a dense
brush, an entropic barrier is established to interpenetration. Indeed, the wetting be-
havior of the polystyrene brush showed this effect. A 20 nm-thick layer of polysty-
rene was spin-coated directly onto the brush surface. After annealing of the sample
above the glass transition temperature, AFM and scanning near-field optical micro-
scopy confirms that the spin-coated polystyrene layer completely de-wets the polysty-
rene brush surface. The observed average contact angle of 3° is somewhat smaller
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Fig. 9.26 AFM scan of a single droplet of R. Jordan, A. Ulman, |.F. Kang, et al., J. Am.
polystyrene on top of the polystyrene brush Chem. Soc. 1999, 121, 1016-1022. © Copy-
along with its dept profile and contact angle. right 1999 American Chemical Society).

(Reprinted with permission from: [194]

than predicted by Leibler [262] in the absence of substrate deformation. In contrast
to a hard surface, a brush surface can deform at the contact line in response to the
vertical component of the droplet surface tension. The entropic penalty of chain
stretching is balanced by minimizing the contact angle (Fig. 9.26).

Similarly, Ingall et al. [263] lithiated monolayers of short 3-bromopropylsilane
on planar silica substrates to perform LASIP with AN. They obtained up to
245 nm thick PAN films within eight days of polymerization time.

Recently, Quirk and Mathers [264] performed LASIP of isoprene on silicon wa-
fers. A chlorodimethylsilane-functionalized diphenylethene (DPE) was coupled
onto the surface and lithiated with n-Buli to form the initiating species. The liv-
ing poly(isoprene) (PI) was end- functionalized with ethylene oxide. A brush thick-
ness of 5nm after two days of polymerization (9.5 nm after four days) was ob-
tained in contrast to a polymer layer thickness of 1.9 nm by the ‘grafting onto
method using a telechelic silane functionalized PI.

Advincula et al. used the same initiator type (DPE activated with n-BulLi) to per-
form LASIP from colloidal silica [265] or clay [266, 267]. The spacer between the
DPE unit and the surface active group (quaternized amine for clay and chlorodi-
methylsilane for silica) was a long n-alkyl chain. In all cases, a relatively broad
polydispersity for the prepared polystyrene brush (PDI=1.2-2) was observed.

9.3.3.2 Surface-initiated Polymerization Using Living Carbocationic Polymerization
(LCSIP)

The first report on living carbocationic surface-initiated polymerization (LCSIP)
using a defined surface modification is by Vidal and Kennedy [268-270]. They pre-
pared poly(isobutene) (PIB) brushes from silica surfaces using a silane functiona-
lized benzylchloride activated by a Lewis acid.

In a recent review, Spange et al. [271] compiled LCSIP systems on inorganic
substrates as well as ‘grafting onto’ methods involving carbocations in the grafting
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Fig. 9.27 Reaction scheme for the preparation of amphiphilic poly(2-ethyl-2-oxazoline) brushes
by means of LCSIP [272].

reaction and gave a detailed account on the extensive work of his group in the
field of LCSIP employed directly on the silica surface.

Jordan et al. [272] performed LCSIP using SAMs of 11-hydroxyl undecane thiol
(HUT) on planar Au(111) substrates as well as on gold nanoparticles functiona-
lized with mixed 3D-SAMs of [273]. The primary hydroxyl groups were converted
by a gas phase reaction using trifluoromethanesulfonic anhydride to trifluoro-
methylsulfonates (triflates) as a good leaving group to initiate cationic living poly-
merization of 2-alkyl- and 2-phenyl-2-oxazolines. One crucial aspect of LCSIP is
the choice of the surface-bond initiator for the start of the living polymerization.
Since surface-confined reactions are relatively slow, LASIP or LCSIP should be in-
itiated fast compared with the propagation reaction to ensure homogeneous
growth of the polymer brush from the surface. This enables a stoichiometric poly-
merization on the surface and consequently results in low polydispersities. Tri-
flates as fast initiators were introduced by Kobayashi et al. [274] and were found
to be ideal candidates for the defined start of the living cationic polymerization of
2-oxazolines involving large initiators [51, 154-156]. The living ends of the poly-
mer brushes were terminated with piperidine or further functionalized with N,N-
dioctadecylamine to yield amphiphilic polymer brushes of a defined hydrophilic
lipophilic balance. The reaction is outlined in Fig. 9.27.

The brush layer thickness (dry collapsed state) obtained after seven days of poly-
merization time and successive soxhlet extraction was found to be approx. 10 nm
and very uniform (+0.3 nm). The uniform thickness values are provided by the
homogeneous initiation, polymerization and termination reaction. Meanwhile
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poly(2-oxazoline) homopolymers brushes with layer thicknesses of 20 to 30 nm
can be obtained [275].

The amphiphilic brush displayed dynamic wetting behavior towards selective sol-
vents such as water. If the substrate was immersed in water and then air-dried, an
initial contact angle (sessile drop) of 80-75° was found, because of selective swelling
of the intermediate hydrophilic polymer brush layer and segregation of the hydro-
phobic moieties towards the gas-phase [51, 156, 243]. This value decreased rapidly
to a stable value of 60—62° because of the reorganization of the amphiphilic lipopo-
lymer layer in the presence of water. Advancing and receding contact angles showed
a pronounced hysteresis of approx. 30°. This has been observed earlier with similar
surfaces prepared by the grafting of silane functionalized lipopolymers onto silica
substrates and appears to be characteristic for polymer supported alkyl monolayers
[276]. The introduction of a flexible polymer interlayer enables a pronounced surface
reconstruction process (compare to Section 9.2.5). One drawback of the SIP is the
analysis of the polymer brush formed. Here the end-functionalization was con-
firmed by the wetting behavior as well as by ER-FTIR spectroscopy. To estimate
the efficiency of the termination reaction, the CH,-stretching area of both spectra
was analyzed (Fig. 9.28). Subtraction of the HUT monolayer spectrum from the
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Fig. 9.28 Analysis of the CH-stretching region  of the amide | band to higher wavenumbers
(3000-2800 cm™) and the amide | band and decrease of the half width in the ER-FTIR
around 1650 cm™'. (a) ER-FTIR spectrum of spectrum of the grafted PEOx (a) can be ob-
poly(2-ethyl-2-oxazoline) (PEOx) as grown on served. This can be explained by a different
the triflate functionalized HUT SAM. (b) ER- conformational freedom and/or intra- and in-
FTIR spectrum of HUT SAM. (c) Subtraction termolecular interactions between polymer
result of (a)—(b). (d) Bulk spectrum of PEOx. chains in the grafted polymer when compared

In the spectrum to the left, a significant shift with the bulk phase (modified from ref. [272]).
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Fig. 9.29 Reaction scheme of the LCSIP of 2- ing agent, respectively (pathway A). The ki-
oxazolines on gold nanoparticles: For the netic studies were performed with 2-phenyl-2-
preparation of the amphiphilic nanocompo- oxazoline and piperidine. A schematic repre-
site 2-ethyl-2-oxazoline and N, N-di-n-octadecy- sentation of the core-shell morphology of the
lamine were used as monomer and terminat- ampbhiphilic metal-polymer composite [273].

grafted PPEI spectrum (Fig. 9.28a) reveals an overall higher integral adsorption for
the complete CHx-stretching area (Fig. 9.28 ¢). The characteristic bands for the CH3/
CHj-stretching modes of the propionyl side group, appearing at 2978, 2940 and
2880 cm ™, could be unambiguously identified by comparison with the PPEI bulk
spectrum (Fig. 9.28d). Furthermore, stronger adsorption at 2926 and 2854 cm™ in-
dicate the presence of additional long n-alkyl chains. This suggests a successful ter-
mination reaction of the polymerization by the N,N-dioctadecylamine.

However, quantitative analysis of the brush composition or extraction of stan-
dard polymer analytical values is difficult if not impossible because an extremely
small total amount of polymer is immobilized on flat substrates. Therefore,
Jordan et al. [273] performed analog LCSIP experiments were performed on gold
nanoparticles using a mixed 3D-SAM consisting of HUT and n-decanethiol. The
triflatization of the primary OH groups of HUT and subsequent analog polymer-
ization reaction yields core-shell amphiphilic polymer-metal nanocomposites
(Fig. 9.29) whose amphiphilic nature was studied by means of LB-experiments. Ex
situ kinetic studies of the polymerization of 2-phenyl-2-oxazoline using FTIR spec-
troscopy and MALDI/TOF mass spectrometry, resulted in a linear relationship be-
tween the reaction time and degree of polymerization of the grafted polymer
(Fig. 9.30). This, as well as the successful end-functionalization by termination
with secondary amines, confirmed the initial view of a well-defined living poly-
merization mechanism of 2-oxazolines using LCSIP.
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have an asymmetric dialkyl disulfide structure.
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(Mp) vs. reaction time. The corresponding de-
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on the identified species as depicted (modi-
fied from ref. [273]).

the spacing of the mass signals (AM=146.93)
of the most prominent peaks. Based on ear-

In Fig.9.30 a broadening of the molecular weight distribution at increasing
time of polymerization is observable which is typical for the polymerization of 2-
oxazolines. Plotting the m/z value of the most intensive mass signal versus the re-
action time, a strictly linear relationship is obtained (Fig. 9.30). These results are
consistent with recent experimental and theoretical studies of surface-initiated
atom transfer radical polymerization (ATRP) by Matyjazsewski and coworkers
[278]. The initiation reaction by the alkyltriflate seems to be much faster than the
propagation reaction, which is indicated by the significantly steeper slope between
t=0 and 2 h. This means that the induction period of the polymerization is not
noticeably hindered by the surface confinement of the initiator.

In a similar approach Riihe et al. [279] reported the preparation of poly(2-oxazoline)
brushes by the ‘grafting onto’ as well as ‘grafting from’ method. For LCSIP of 2-ethyl-
2-oxazolines silane functionalized undecane tosylate was first prepared and then im-
mobilized on the substrate surface. SIP resulted in PEOx layers with thickness close
to 30 nm. PEOx brushes were prepared by chemisorption of PEOx disulfides onto
gold substrates. Preliminary static and dynamic swelling experiments are reported
for these brushes. However, later observations [243] contradicted these findings.

Zhao and Brittain [280-282] reported the LCSIP of styrene on planar silicon wa-
fers using surface modifications of 2-(4-(11-triethoxysilylundecyl)phenyl-2-methoxy-
propane or 2-(4-trichlorosilylphenyl)-2-methoxy-d;-propane respectively. Growth of
PS brushes from these SAMs has been successfully achieved; factors that influ-
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Fig. 9.31 a) Synthesis of PS-b-polyacrylate
brushes by LCSIP and consecutive ATRSIP
[282]. AFM images of the tethered PS-b-

PMMA brushes with 23 nm thick PS layer and
14 nm thick PMMA layer b) after treatment
with CH,Cl,, c) with cyclohexane and d) after

solvent exchange from CH,Cl, to cyclohexane.

Zhao, W.). Brittain, W. Zhou, et al., J. Am.
Chem. Soc. 2000, 122, 2407-2408. [284] B.
Zhao, W.). Brittain, W. Zhou, et al., Macromol-
ecules 2000, 33, 8821-8827. All © Copyright

e) Cartoon proposing a model for the regular 2000 American Chemical Society).

nanopattern morphology (‘pinned micelles’)

ence PS thickness included solvent polarity, additives and TiCl, concentration.
Sequential polymerization by monomer addition to the same silicate substrate
bearing the living polymer chains resulted in thicker PS films. FTIR-ATR studies
using a deuterated initiator indicated that the initiator efficiency is low, and the
second carbocationic polymerization on the same sample involved initiation from
both PS chain ends and unconsumed surface-immobilized initiators. SPM investi-
gations revealed a uniform and smooth PS brush surface with a roughness value
of 0.3nm (rms) for a 30 nm thick PS layer. Additionally they succeeded in
sequential LASIP and surface-initiated atom transfer radical polymerization
(ATRSIP) of MMA, MA or (N,N-dimethylamino)ethyl methacrylate) (PDMAEMA)
using the terminal halogen of the polystyrene chains [280].

Surface reconstruction of the PS-PMMA brush in selective solvents gave rise to
pattern formation which was investigated by SPM, wetting experiments and XPS.
The obtained morphologies depended on the thickness of the brush and its com-
position [283, 284] (Fig. 9.31).
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9.3.4
Surface-initiated Polymerization Using Controlled Radical Polymerization

While in most of the reports on SIP free radical polymerization is utilized, the re-
stricted synthetic possibilities and lack of control of the polymerization in terms
of the achievable variation of the polymer brush architecture limited its use. The
alternatives for the preparation of well-defined brush systems were living ionic
polymerizations. Recently, controlled radical polymerization techniques has been
developed and almost immediately applied in SIP to prepare structurally well-de-
fined brush systems. This includes, living radical polymerization using nitroxide
species such as 2,2,6,6-tetramethyl-4-piperidin-1-oxyl (TEMPO) [285], reversible ad-
dition fragmentation chain transfer (RAFT) polymerization mainly utilizing dithio-
carbamates as iniferters (iniferter describes a molecule that functions as an initia-
tor, chain transfer agent and terminator during polymerization) [286], as well as
atom transfer radical polymerization (ATRP) were the free radical is formed by a
reversible reduction-oxidation process of added metal complexes [287]. All tech-
niques rely on the principle to drastically reduce the number of free radicals by
the formation of a dormant species in equilibrium to an active free radical. By
this the characteristic side reactions of free radicals are effectively suppressed.

The initiator/monomer system applied in controlled radical (CR) SIP are com-
piled in Tab. 9.3.

Sogah et al. [288] immobilized a TEMPO-functionalized ionic surfactant on the
surface of mica-type layered silicate and successfully polymerized styrene to give
an organic-inorganic nanocomposite. Although the layered silicate delaminated
when PS was incorporated within the layers, the polydispersities of the PS formed
was relatively high. Hawker et al. [289] employed a TEMPO functionalized SAM
on silica and employed besides the common styrene, the polymerization of acry-
lates, acryl amides and acrylonitrile. SIP with a linear increase of the brush film
thickness and low polydispersities could only be obtained, when free alkoxyamine
was added. A comparison of the polymer fraction as created in solution and via
SIP gave almost identical molecular weights and low polydispersities of 1.14. The
potential of CRSIP was demonstrated by preparing block as well as random co-
polymer brushes of styrene and 2-hydroxyethyl methacrylate. Laterally patterned
polymer brush surfaces of poly(acrylic acid) (PAA) and poly(t-butylacrylate) with a
resolution of approx. 25 pm were also created, using a photoresist [290].

In a series of papers, Matsuda et al. [291-295] employed RAFT-SIP with immo-
bilized benzyl N,N-diethyldithiocarbamate to form polymer brushes from styrene,
methacraylamides, acrylamides and acrylates, NIPAM and N-vinyl-2-pyrrolidone
on various surfaces. The SIP is initiated by UV irradiation of the surface-bonded
dithiocarbamates. Thermoresponsive polymer brushes were prepared by the poly-
merization of NIPAM and investigated by XPS, wetting experiments and mainly
SPM [294]. Patterned polymer brush layers were also prepared. When chloro-
methyl styrene was used as a comonomer, RAFT-SIP results in branching. By con-
trol of the branching, spatio-resolved hyperbranching of a controllable stem/
branch design can be realized (Fig. 9.32) [293, 295].
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Fig. 9.32 a) Reaction scheme for the prepara- (Reprinted with permission from: [293] H.].
tion of the design of stem and branches in Lee, Y. Nakayama, T. Matsuda, Macromole-
RAFT-SIP using dithiocarbamates [293]. b) cules 1999, 32, 6989-6995. © Copyright 1999
Schematic representation of the various American Chemical Society).

Hadziioannou et al. [296] employed an analog surface-bond initiator for RAFT-
SIP on silica substrates to prepare homogeneous block copolymers of styrene and
methyl methacrylate. A patterned substrate was prepared by selective deposition
of the initiator.

Niwa et al. [297] prepared a mixed SAM from dithiols on gold which partly
bears a dithiocarbamate group. The RAFT-SIP of methacrylic acid was monitored
by in situ quartz crystal microbalance. The polymerization rate depended strongly
on the composition of the SAM.

The mechanism and kinetics of RAFT-SIP were studied by Fukuda et al. [326].
Besides the expected linear increase of the molecular weight of the surface grafted
polymer with the monomer conversion, they observed the appearance of a promi-
nent low molar mass fraction which was attributed to a combination reaction of
the propagating active chains.

Using a SAM of an asymmetric azo compounds Baum and Brittain [327] homo-
and block copolymerized styrene, MMA and N,N'-dimethylacrylamide under
RAFT conditions in the presence of 2-phenylprop-2-yl dithiobenzoate as the chain
transfer agent.

Within the short period of time since its discovery, ATRP has developed remark-
ably fast to become the most employed controlled radical polymerization technique
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for SIP. In the first account, Wirth et al. [298-300] used a monolayer of silane func-
tionalized benzyl chloride and Cu(bpy),Cl to form polymer brushes of acrylamide as
stationary phases in HPLC and in capillary electrophoresis. The polydispersity index
of the grafted brush was typically between 1.15 and 1.3. Genzer et al. [301] immobi-
lized this initiator onto oxidized PDMS substrates while under stress. Analogous to
the preparation of MAMs, polymer brushes were produced by surface modification
of the PDMS elastomer under stress and final relaxation (see Fig. 9.8). Giopireddy
and Husson used an analog initiator function for ATRSIP of acrylamide featuring
an undecane as a longer, effective mesogen to ensure SAM formation of the thiol
on gold [309]. A similar surface initiator function was recently used by Zheng and
Stover [328] to prepare polystyrene homopolymer and poly(styrene-b-4-methylstyr-
ene) on polymer resigns. Fukuda et al. [302-308] employed a monolayer of 2-(4-chlor-
osulfonylphenyl)ethyl trimethoxysilane on planar and substrates and silica particles
as an effective initiator group to start ATRP at the surface. Extremely high grafting
densities between 0.07-0.7 chains nm 2 were obtained, similar to results obtained by
LASIP. The group investigated the brush systems in terms of the impact of grafting
density [305] and chain length [304] upon the surface interaction forces. Besides
MMA and 4-vinylpyridine, MMA derivatives bearing sugar moieties could be poly-
merized in a controlled manner [303].

Brittain et al. [329] used a SAM on planar silica substrates, which were again
functionalized with an asymmetric azo group to start the polymerization as a free
radical polymerization. However, similar to the addition of dithiocarbamates, they
added copper chloride and a suitable ligand to the polymerization reaction to con-
trol the free radical concentration during propagation (reverse ATRP). Secondary
and tertiary a-bromoesters bearing various alkyl chains as mesogens for the for-
mation of defined SAMs and equipped with mono- or trifunctional silanes [311-
314, 316-318] or thiol [319-325] groups for chemisorption onto silica or gold sur-
faces became especially popular. Again, in the presence of copper complexes with
various ligands, this type of surface initiator is well suited to effectively initiate
ATRSIP. Especially for the SIP from SAM initiator systems of limited stability,
the conditions of ATRP employing a-bromoesters are comparatively mild in terms
of temperature [309, 320] and tolerance towards moisture. Baker et al. [323] and
Huck et al. [325] performed ATRSIP with 2-hydroxyethyl methacrylate (HEMA) or
MMA as well as glycidyl methacrylate in the presence of water or even in water as
the solvent. Recently, a preliminary study from Riihe et al. [317] investigated the
role of the added copper compounds for the surface-confined ATRP.

Beside planar surfaces, Patten et al. [310-312] and Hallensleben et al. [313, 314,
322] prepared well-defined nanocomposites by ATRSIP of from silica and gold
nanoparticles. After spin-coating a solution of the polymer decorated particles
onto mica, Hallensleben was able to image the single particles with the individual
grafted polymer chains (Fig. 9.33).

Although controlled or living SIP techniques are mainly used to prepare strictly
linear polymer brush layers, defined structural variations of the polymer layer give
rise to new properties of the coating. Especially ATRP is useful to prepare such nov-
el coatings. Using inimers (monomers bearing initiator functions) or bifunctional
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Fig. 9.33 SPM micrograph of gold nanoparti- confirms the success of the ATRSIP. Figure
cles decorated with grafted chains of poly(n- 9.33 b) also shows that different numbers of
butylacrylate) spin-coated onto mica. a) De- chains of various lengths are attached to the
position from chloroform and b) form THF gold particles (Reprinted with permission
solution. The gold cores are depicted by the from: [322] S. Nuf3, H. Béttcher, H. Wurm, M.
white protrusions in the SPM images; the L. Hallensleben, Angew. Chem. 2001, 113,

polymer chains are shown in gray. The micro- 4137-4139; Angew. Chem. Int. Ed. 2001, 40,
graphs clearly demonstrate that the polymer 4016-4018. © Copyright 2001 Wiley-VCH).
chains are bound to the gold cores, which

monomers, cross-linked or hyperbranched surface coatings can be prepared in a de-
fined fashion. Figures 9.34 and 9.35 depicting two recent examples from Miiller et al.
[315] and Bruening et al. [321] using functional monomers for the preparation of
branched or cross-linked polymer coating by means of ATRSIP on gold substrates.
ATRSIP is probably the most suitable SIP technique to prepare defined di- or
triblock copolymers by successive monomer addition. This has been demonstrated
in a very early paper by Matyjaszewski et al. [278]. Analog to the already men-
tioned work from Brittain et al., forming diblocks by cross-over LCSIP and ATR-
SIP, di- [316, 330] and ABA- [318] and ABC [324] triblock copolymers could be pre-
pared by ATRSIP alone. Again the dynamic responds (segregation, surface recon-
struction) upon treatments with selective solvents in terms of surface topography
and wetting behavior was investigated using various techniques including SPM.
ATRSIP was also used to amplify surface patterns, created by the pCP of SAMs.
Shah et al. [319] stamped n-hexadecane thiol (HDT) onto planar gold substrates
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Fig. 9.34 a) Synthetic outline for the prepara- b) Schematic illustration of a cross-linked film
tion of cross-linked, ultrathin poly(ethylene growing from a gold substrate (modified from
glycol dimethacrylate) films on gold surfaces. ref. [321]).

and filled the remaining bare surface with a SAM bearing a tertiary a-bromoester
function. Locally confined ATRSIP of five different monomers resulted in pat-
terned polymer brushes as depicted in Fig. 9.36. The additional polymer brush
layer enhanced the etch resistance of the covered areas. The amplified structures
were investigated by XPS, wetting experiments and SPM.

9.3.5
Surface-initiated Polymerization by Miscellaneous Techniques

Besides the polymerization techniques discussed above, other polymerization
methods have been used for the preparation of surface grafts. Recently, ring-open-
ing metathesis polymerization (ROMP) became popular. This polymerization type
will be discussed by Buchmeiser in Chapter 8. Recently, interesting accounts have
appeared on solventless polymerization techniques applying (living) ROMP on
surfaces to prepare structured brush surfaces of conjugated polymers [331, 332].
Tsubokawa et al. [196, 333] and Hamann et al. [207, 334, 335] pioneered the SIP of
N-carboxyanhydrides (NCA) on carbon black and colloidal silica and Schouten et al.

>
Fig. 9.35 Schematic illustration of the ‘self- (Reprinted with permission from: [315] H.
condensing vinyl polymerization’ ATRSIP on Mori, A. Boker, G. Krausch, et al., Macromole-
planar silica substrates resulting in hyper- cules 2001, 34, 6871-6882. © Copyright 2001

branched surface-bonded polymer layers. American Chemical Society).
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Fig. 9.36 a) Procedure of the preparation
steps starting with the LCP of an inert SAM,
self-assembly of a monolayer of initiator sites,
ATRSIP and selective wet etching. b) (A) AFM
image of a patterned brush of PMMA formed
by this procedure. The bright areas corre-
spond to PMMA brushes, while the dark re-
gions correspond to the patterned areas of
SAMs formed from HDT. (B) Cross-sectional
profile of the patterned PMMA brush shown
in (A). The location of the cross-sectional pro-

file is marked in (A) by the double-headed ar-
row. (C) Optical image of a patterned brush
of PMMA after immersion into aqueous Kl/I,
for 60 s. The dark areas of the image are gold
protected by the PMMA brush, and the light
regions correspond to the supporting glass
substrate. (Reprinted with permission from:
[319] R.R. Shah, D. Merreceyes, M. Huse-
mann, et al., Macromolecules 2000, 33, 597—

605. © Copyright 2000 American Chemical
Society).

[336-338] successfully performed SIP of NCA on planar glass surfaces. The polymer-
ization of NCA is initiated by surface-bonded primary amino groups and results in
polypeptides (polyglutamates, polyasparatates). The intriguing aspect of the surface-
bonded polypeptides is the expected biocompatibility of such surfaces and potential
control in biomineralization. Additionally, the predefined (a-)helical conformation
stabilized by hydrogen bonding makes the polymers rather rigid. A terminal attach-
ment of the polymer results in rigid polymer ‘brushes’ with a high total dipole mo-
ment oriented along the axis of the a-helix of the polypeptide chain. The impact of
the molecular orientation of the rigid polypeptides upon the total dipole moment of
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the entire polymer layer as a function of the grafting density and hence, the average
orientation of the helices with respect to the surface has been investigated by Frank
et al. 339, 340], using different deposition techniques including SIP.

Braun et al. [341] investigated the molecular dynamics of the rigid polypeptide
brush by means of dielectric spectroscopy and prepared patterned brushes by SIP
from pCP SAM initiators [342].

Whitesell and coworkers reported the preparation of highly organized helical
peptide layers of thickness up to 200 nm [343, 344]. The major drawback of this
system is a relatively high surface roughness and considerably broad molecular
weight distribution. Solutions to this problem, like enzymatic digestion of the ex-
posed helices were demonstrated [345], but it appears that the high rigidity of the
brush and the polymerization mechanism itself offer no readily available options
for improvement. Indeed, results regarding the grafting densities or layer thick-
ness as reported by Whitesell et al. could not be reproduced by other researchers.

Surface-initiated ring-opening polymerization of ¢-caprolatone on pCP SAM initia-
tors equipped with an oligo-ethylenoxide function is reported by Hawker et al. [346].
Choi and Langer used a similar SAM initiator system to polymerize 1-lactide [347].

Group transfer polymerization was employed by Hertler and coworkers [348] as
well as Huber et al. [349].

With the development of enzymatic polymerization in solution, also first ac-
counts for SIP appeared. Loos et al. [350] reported on enzymatic surface polymer-
ization of glucose-1-phosphate with potato phosphorylase as the catalyst resulting
in oligo- or poly-(a,1— 4)-p-glucopyranose. As ‘initiator’ sites, immobilized malto-
heptaose was used. Enzymatic grafting of hexyloxyphenol onto chitosan is re-
ported by Payne and coworkers [351].

Finally, hyperbranched polymer layers by surface-initiated step polymerization
was intensively studied mainly by Bergbreiter et al. and Crooks et al. Patterned
surfaces were prepared on the micrometer scale and a variety of functional groups
introduced interesting optical, electrochemical, biological, and mechanical proper-
ties into the films. For a recent review on surface-initiated step polymerization re-
sulting in branched polymer layers see [352].

9.4
Summary and Outlook

The preparation and properties of well-defined surface coatings, self-assembled
monolayers and polymer brushes have been discussed. The approach in coating tech-
nology developed from a mere addition of surface functionalities, to the programmed
assembly of molecules to form organic layers with controlled morphology on the
molecular level and withdesigned functionality. Such layers are now used as a tech-
nology platform in all areas of surface science including catalysis. One serious draw-
back of SAMs, the stability, could be improved by the introduction of new SAM/sub-
strate systems as well as the introduction of suitable mesogens. This makes the use
of SAMs for the study of technologically relevant catalytic systems realistic.

433
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The same aplies to polymer brushes. The use of SAMs as initiator systems for
surface-initiated polymerization results in defined polymer brushes of known
composition and morphology. The different polymerization techniques, from free
radical to living ionic polymerizations and especially the recently developed con-
trolled radical polymerization allows reproducible synthesis of strictly linear, hy-
perbranched, dentritic or cross-linked polymer layer structures on solids. The
added flexibility and functionality results in robust grafted supports with higher
capacity and improved accessibility of surface functions. The collective and fast re-
sponse of such layers could be used for the design of polymer-bonded catalytic
systems with controllable activity.

Besides homogeneous and uniform SAMs or polymer brushes, systems of tai-
lored heterogeneity such as mixed monolayers of two or more compounds, gradi-
ents, block copolymer brushes etc. are now under investigation. Especially, the de-
velopment of patterned surfaces offers the exciting possibility to perform multiple
parallel experiments on a single substrate or cascade reactions.

Presently, specific immobilization of various enzymes is studied under the as-
pect of the orientation and the local surface environments. The deeper under-
standing of biocatalytic systems together with suitable surface coating techniques
may lead to biologically inspired and more complex catalytic systems grafted on
solid supports.
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