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ABSTRACT

A recently developed surface grafting technique, surface-initiated atom transfer
radical polymerization (ATRP), has the ability to directly graft polymer chains with
controllable chain lengths, densities and functionalities from various kinds of surfaces.
This thesis has two main focuses. First is to study the use of this technique in grafting
monomers with special structures and functionalities. The other is to apply this

technique to the modification of reactive metal surfaces.

Both of fluorinated polymers and polyhedral oligomeric silsesquioxane
(POSS)-containing polymers have very interesting properties. In this thesis, for the first
time, a highly fluorinated monomer, 2,2,2-trifluoroethyl methacrylate (TFEMA) and a
POSS-containing monomer, POSS-MA were successfully polymerized from silicon
wafers by surface-initiated ATRP. This is also the first work to use this technique to

graft polymers with bulky, rigid side groups.

To achieve very high grafting density is a big challenge for surface-initiated
ATRP. We designed a novel surface-attachable difunctional initiator, 11-(2,2-bis(2-

bromo-2-methylpropionyloxy methyl)propionyloxy) undecyltrichlorosilane. ~With its
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help, the grafting density of PTFEMA was almost doubled, from 0.48 to 0.86¢chains/nm®.

This is so far the most effective method to increase the grafting density.

Unlike other kinds of materials, the surfaces of metals are active in
electrochemical and acid/base reactions and this reactivity complicates ATRP reactions.
With the help of triethoxysilane-based initiator and mild Fe(II)/Fe(IIl) catalyst system,
various acrylic polymers were successfully grafted from flat nickel and copper surfaces
by surface-initiated ATRP. This work provided a convenient method to prepare
functional polymer coatings with very stable adhesions to the metal surfaces. The same

strategy can be extended to the surface modification of a shape-memory-alloy, nitinol.

Metal nanoparticles were also modified by this technique. Polymer shells were
grafted from nickel nanoparticles surfaces. After the polymer grafting, both of the
dispersibility and dispersion stability of nickel nanoparticles in appropriate solvents were

greatly improved.
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CHAPTER 1

Introduction and Literature Review

1.1  Surface grafting techniques

Polymers have been considered as excellent candidates for all purposes of surface
modifications. Thin polymer films may improve wetting property and biocompatibility
of biomaterials, reduce corrosion rate of metals and serve as conductive layers or
insulators in modern microelectronics industry. The major challenge here is to develop
proper techniques to achieve uniform and robust polymer thin films on different kinds of

surfaces.

Coating is the most commonly use method for preparing polymer thin films.
This method is fast and simple, appropriate solvents are selected to dissolve polymers and
to supply good wettability over targeted substrates; then the polymer solutions are coated
onto the substrates by different kinds of techniques, such as casting, spin-coating,
dip-coating, and printing techniques which cause lots of interest recently. However, no
matter which technique is used here, polymer chains are just absorbed to the surfaces by
very weak physical interactions such as Van der Walls forces and hydrogen bonding.

These coated polymer films are thus lack of robustness; they can be easily rinsed off by

-1-



solvents, or peeled off by physical forces. In order to improve robustness, polymers

should be covalently bonded to surfaces.

In recent years, polymer brushes prepared by surface grafting technique have
gained great interests. The initial use of the surface grafting technique is to help
stabilize colloidal particles through modification of surface chemistry and morphology.
By this technique, polymer chains are covalently bound to a variety of surfaces, such as
flat silicon wafers, nanoparticles, carbon nanotubes and polymer films. Because of
steric congestion, polymer chains are forced to stretch out from surface in an entropically
unfavourable conformation. These stretched polymer chains are termed as polymer
brushes. Polymer brushes have been proved to have many applications in different areas,
for example, stabilizer of colloids, bioactive coatings, and barriers for corrosion resistance,

etc.

For surface grafting technique, two parameters are of special importance. One is
grafting density and the other is polymer chain length. Grafting density is defined as the
number of polymer chains grafted per unit area of surface, and it can be calculated using

the following equation:

o= dxNax p
M, (1.1)



Where d is the thickness of polymer film, p is the density of bulk polymer, Ny is the
Avogadro constant, M, is the number-average molecular weight of polymer chain on

surface.

There are two general strategies to prepare polymer brushes by surface grafting

and the other is “grafting from”>® In “grafting to”

sl

technique; one is “grafting to
approach, both polymer chain ends (or side chains) and surfaces are functionalized.
Polymer chains are then covalently bound to surfaces via condensation type of reactions.
The advantage of this method is that the polymer chains are made in advance, so that it is
easy to design and characterize their structures prior to grafting. However, grafting
densities (chains/nm?) and film thickness achieved by this method are just comparable to
those obtained by physical absorption method. Grafting densities and film thicknesses

436 That is because

are in the order of 0.1chains/nm? and a few nanometers, respectively.
once some polymer chains are attached to surface; these chains form a diffusion barrier
and prevent other poiymer chains from approaching the surface. In this case, the
grafting densities decrease as polymer molecular weight increases,” which limits the

456 As a result of the low grafting

available polymer molecular weight to 10° to 10*Da.
densities, polymer chains on surface have lots of free space, so that they adopt a

“mushroom-like” configuration on the surface. Generally speaking, “grafting to”



method is not a good choice for preparing high-density thick polymer films.

The drawbacks of “grafting to” methods can be avoided by surface-initiated
polymerization (“grafting from” method). This method is newly developed and has
drawn great attention in the recent years. In this method, initiators are first immobilized
onto surface. Many immobilization methods can be used, for instance, treating surface
with plasma or forming an initiator-containing self-assembled monolayer (SAM) using
“solution” or “gas” methods. After that, polymer brushes are grafted from the
immobilized initiators on the surface by in-sifu polymerization. Because monomer
molecules are very small in size, they can easily diffuse to the propagating sites on the
surface, which results in high grafting densities (0.3-0.7chain/nm?) and high molecular
weight (10*-10°Da). The high grafting densities force polymer chains to strand up from
the surface to satisfy their volume requirements; so that, the polymer chains have
“brush-like” configurations (see Scheme 1.1). The most important advantage of the
“grafting from” method is that it allows the preparation of very dense and thick polymer
films (10nm to 1xm) which improve surface coverage and therefore performance. 710

However, because the polymer brushes are directly grafted from the surface, their

characterization remains to be a big problem.
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Scheme 1.1 Transition of polymer chains from “mushroom” to “brush”
1.2 Surface-initiated polymerization
1.2.1 Overview of surface-initiated polymerization techniques

A number of polymerization methods have been used to graft polymers from

1

surfaces; including cationic polymerization,!! anionic polymerization,'' ring-opening

13,14 conventional free

polymerization,'? ring-opening metathesis polymerization (ROMP),
radical polymerizations (CFRP) and controlled/living radical polymerizations (CLRP).
Both of living anionic and cationic polymerizations are able to produce nearly
monodisperse polymers. However, the two polymerization techniques require very

stringent reaction conditions, and are very sensitive to moisture and impurities (i.e. at

very low temperatures and very pure systems). The main limitations of ring-opening
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polymerization and ring-opening metathesis polymerization are the lack of control and
the limited monomer types. In this case, free radical polymerization becomes the most
widely used method for grafting of polymer from surface. Riihe et al."* was the first to
use conventional free radical polymerization for surface modification purposes. In their
study, silica gel surfaces were modified with self-assembled monolayer of azo initiators;
polystyrene was then grafted from these initiators. However, they found that a precise
control of grafted polymer layer thickness was very difficult. The thickness always
increased very fast at the beginning and then leveled off. This is because in
conventional radical polymerization, polymer chains have very short life. From
initiation to termination, it takes only seconds or subseconds for an individual chain to
propagate thousands of repeat units. The early grown polymer chains cover large
surface areas and thus prevent further grafting of polymer chains at their vicinities.
Another drawback of conventional free radical polymerization is the high polydispersity
of polymer molecular weight distribution. The polydispersity keeps on increasing
during the whole stage of reaction, from 1.50 at the beginning to around 2.0 at the end.
The high polydispersity indicates that grafted polymers have very different chain lengths

from each other. The uniformity of grafted polymer layer was therefore very poor.

In order to overcome these drawbacks of conventional free radical polymerization,



varieties of controlled/living radical polymerization (CLRP) techniques have been used.
CLRP techniques have ability to grow polymer chains without or with very limited chain
termination or chain transfer, which results in well-controlled molecular weight and very
narrow polydispersity index (PDI) of the final polymer product. Another very unique
characteristic of the CLRP techniques is “living” polymer chain ends, which are benefited
from no or limited radical termination. The “living” polymer chain ends can easily
initiate growth of a second polymer block with an addition of another monomer. In
recent years, these aforementioned advantages or features of CLRP techniques, plus
versatility of monomer types, tolerance of impurities, mild reaction conditions have

gained themselves great interests (see Scheme 1.2).

The CLRP techniques include nitroxide-mediated radical polymerization (NMP),?

1620 and reversible addition-fragmentation

atom transfer radical polymerization (ATRP),
chain transfer polymerization (RAFT).2! CLRP techniques allow preparation of uniform
polymer films with well controlled thickness. In addition, as living chains are less
susceptible to early termination, the CLRP methods can offer higher grafting densities
than CFRP methods. Among these CLRP techniques, ATRP, independently developed

by Matyjaszewski and Sawamoto, has been so far the most widely applied method for

surface grafting. ATRP uses metal halide/nitrogen-based ligand systems as catalysts.®


http:RAFT).21

It can be operated under both homogeneous and heterogeneous conditions. Reaction
temperatures can be varied from room temperature to over 1000. Versatile types of
solvents such as organic solvents, water, supercritical carbon dioxide, and ionic liquids or

in bulk can be used for ATRP.

Compared to NMP and RAFT, ATRP has its own advantages. Typical ATRP
initiators are commercially available a-haloesters or benzyl halides. In contrast, NMP
uses alkoxyamines as initiator and RAFT uses dithioesters as chain transfer agent. Both
have more complicated structures and always require multi-step synthesis. Also, the
cleavage of alkoxyamine initiators for NMP requires high temperature (>1000), so that
NMP can only use solvents that have very high boiling points. Compared to the
versatile monomer types for ATRP, NMP is only good for quite limited types of
monomers, such as styrene and its derivatives, MMA, 1,3-butadiene,
2-methyl-1,3-butadiene. RAFT has all of ATRP’s advantages, and it can produce
polymers with very high molecular weights. However, so far, surface-initiated RAFT
can only graft very thin polymer films (<30nm). That is believed to be attributable to
RAFT’s propensity to become diffusion controlled within the polymer film growing at the

surface.



What Can Controlled/Living Polymerizations Do ?
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Scheme 1.2  Examples of the architectures produced by CRP/LRP technique.’

1.2.2 Introduction of surface-initiated atom transfer radical polymerization

In order to immobilize ATRP initiators onto surfaces, surface-attachable initiators
bearing silane or thiol reactive groups are synthesized. These initiators then react with
surface functional groups to form monolayer of initiators. Polymer brushes with
different compositions can then be easily grafted simultaneously from these immobilized
initiators. ATRP is controlled by a fast equilibrium between activation and deactivation

which was shown in Scheme 1.3. Because the rate constant of deactivation Kgeact 1S



usually many orders of magnitude higher than that of activation k,, the concentration of
propagating species remains at a very low level and thus radical termination was
efficiently avoided. Based on the mechanism, a high concentration of deactivating
species (Cu(Il) complex) is indispensable in order to get control of ATRP. For solution
ATRP, the red-ox reaction of free initiator with Cu(I) can provide enough Cu(Il) complex.
However, when it comes to surface- initiated ATRP, there are very limited numbers of
initiators on the surface and thus the red-ox reaction can only produce a low concentration

of Cu(Il) complex. As a result, the system cannot achieve good control.

kact

Pi-X+ ML —=_ P.*+X-Mt""/L

Kdeact U
K

Monomer X termination

Scheme 1.3 General scheme of ATRP

There are generally two approaches to solve this control problem in
surface-initiated ATRP. One is to add some free initiator at the beginning of reaction, so
that ATRP occurs simultaneously in solution and from surface. The free initiators in
solution are responsible for providing proper amount of deactivator (Cu(Il) complex).
In this approach, “free” polymer is formed in the solution. The “free” polymer

molecular weight is confirmed to be almost the same as that of the “grafted” polymer
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chains. In this case, the grafting density can be estimated from the equation (1.1).
However, this approach has one disadvantage. Most monomer molecules are consumed
by “free” initiators in solution. Moreover, the “free” polymer chains formed in solution
may absorb onto surface. These absorbed polymer chains act as barriers for growth of
surface polymer chains. As a result, thick polymer layers cannot be achieved by this
method. Also in order to clean these absorbed polymer chains, it may require an intense
effort. The other approach was proposed by Matyjaszewski et al.'® A predetermined
amount of extra Cu(II) halide (10-30mol% of Cu(l) ) is directly added into the system at
the beginning. It can assure a sufficient amount of deactivating species. Because all
monomer molecules are used to graft polymer brushes and there is no “free” polymer
chain problem, this approach is very useful for preparing thick polymer films. The
problem of this approach is that it cannot give the grafting density because of difficulty to
obtain molecular weight data of the “grafted” polymers. Although the polymer chains
can be cleaved from surfaces by HF acid, however, the limited number of polymer chains

on the surface makes it very difficult to characterize the tiny amount sample.

1.2.3 Surface-initiated ATRP from planar surfaces

Recently, considerable attentions have been paid to dense polymer brushes

-11 -



immobilized on flat surfaces for their potential applications as corrosion barriers,
biomaterials and microelectronic devices, etc. Surface-initiated ATRP is a very effective
and convenient method to graft polymer brushes from flat surfaces. Due to the
well-controlled nature of ATRP, it is easy to control thickness, functionality and other
properties of the grafted polymer brushes. In addition, polymer brushes with
complicated structures such as hyperbranched and crosslinked networks can be easily

achieved by the use of inimers and divinyl monomers.

The first work of surface-initiated ATRP was reported by Fukuda and coworkers
in 1998.% They used Langmuir-Blodgett (LB) technique to form a monolayer of ATRP
initiators on silicon surfaces. Poly(methyl methacrylate) (PMMA) was then grafted
from the immobilized ATRP initiators with added free initiator. The “free” polymer
formed in solution was found to have very narrow polydispersities. In addition, a linear
relationship between “free” polymer molecular weight and monomer conversion was also
found, which indicated that the ATRP initiated from silicon surface was well controlled.
More than 80nm thick PMMA film was achieved after 12 hours of reaction. The PMMA
film thickness was dependant on the free initiator concentration. The lower the

concentration was, the thicker the film was.
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Surface-initiated ATRP with added deactivator was first reported by
Matyjaszewski and coworkers in 1999.%  Although it was not easy to characterize the
grafted polymer chains, a linear increase in polymer film thickness with reaction time
confirmed that the grafting polymerization was well controlled. A control experiment of
solution ATRP was carried out under identical experimental conditions, and with the same
reaction time. The length of grafted polymer chains was found to be only 1/6 of the
calculated extended length of free polymer chains in solution. Due to the geometric
constraint caused by high grafting density, polymer chains on surface cannot grow as
freely as those in solution. Moreover, the high grafting density also enhanced the chance
of radical termination reactions. These two reasons can explain the much shorter length

of grafted polymer chains compared to free polymer chains in solution.

Nowadays, ATRP in aqueous media is of great interest because it is particularly
useful in preparation of water soluble polymers and polyelectrolytes, which have very
important applications in biomedical science. Moreover, water was found to have an
ability to greatly accelerate the ATRP process. Surface-initiated ATRP in aqueous media
allows for preparation of polymer brushes under room temperature, which not only
facilitates the use of temperature-sensitive substrates, for example, thiol SAMs on gold,

but also prevents spontaneous thermal polymerization and other unfavourable side
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reactions such as elimination reactions, thermal cross-linking and transesterification. By
use of this technique, many water-soluble polymers, such as poly(2-hydroxyethyl
methacrylate) (PHEMA), poly(oligo(ethylene glycol) methyl ether methacrylate)
(POEGMA) and polyelectrolytes have been prepared with greatly enhanced reaction rates.
In 2002,'® Huang et al. reported the preparation of more than 700nm thick of PHEMA
film from gold in only 12 hours. They did a control experiment of surface-initiated
ATRP of HEMA in the absence of water. After 12 hours of reaction, the PHEMA film
was only 6nm thick. The dramatic difference in PHEMA film thickness proved the
effectiveness of water to accelerate surface-initiated ATRP. Even for non-water-soluble
polymers, water can also enhance the polymerization rate. For example, Huck reported
the preparation of PMMA brushes in aqueous media in 20012 and the thickness reached
30nm in only 35min. Compared to the previously reported reaction time of up to 12
hours to achieve the same thickness, the polymerization rate was enhanced by more than

ten times.

Polyelectrolyte brushes, both cationic and anionic, have been prepared by Huck
and coworkers” using aqueous ATRP. Charged monomers, such as
[2-(methacryloyloxy)ethylJtrimethylammonium  chloride (METAC) and sodium

methacrylate (NaMA) were grafted from gold surfaces. Different from the conventional
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post-polymerization charge introduction method, the direct grafting of polyelectrolyte

brushes ensured that every repeat unit carry a charge.

Because of the “living” nature of polymer chain ends prepared by ATRP, it is
possible to graft block copolymer brushes by this technique. Brittain and Cheng® have
grafted polystyrene (PSt)-6-PMMA diblock and PSt-b-PMMA-b-PSt triblock copolymer
brushes with various compositions from silicon wafers, and studied the response of these
copolymer brushes to selected solvents, such as dichloromethane or
dichloromethane-cyclohexane mixtures (see Scheme 1.4). They found that these block
copolymer brushes had the ability to self-assemble into different conformations by
treatment with different solvents, and the transformation was totally reversible. This
work has demonstrated that stimulus-responsive or “smart” polymer brushes can be
achieved by the synthesis of diblock or triblock copolymers which have segments with
distinct stimuli triggers. Change in environment causes change in conformation of these

grafted brushes, and then affect both morphologies and properties of the polymer films.

Scheme 1.4 Surface morphology changes of PSt-b-PMMA diblock copolymer brushes
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upon treatment with different solvents.?

Patterned polymer films have very promising prospects in biotechnology and
microelectronics. Many techniques including photolithography, micro-contact and
nano-contact printing can be employed to localize ATRP initiators on surface, followed by
growth of patterned polymer brushes from these immobilized initiators. Hawker and
coworkers® reported the first trial to prepare patterned polymer brushes by
surface-initiated ATRP. Patterned ATRP initiators were first immobilized on gold
surface by micro-contact printing, and then PMMA, PHEMA and other polymer brushes
were grafted from these initiators (see Scheme 1.5). To achieve the similar goal, Zhou et
al.”” prepared PMMA and PHEMA films by surface-initiated ATRP and then exposed
them to ultraviolet irradiation through a transmission electron microscopy (TEM) grid.

All polymer brushes in the irradiated region were removed to give a well-patterned film.
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Scheme 1.5 Preparation of patterned polymer films by surface-initiated ATRP

1.2.4 Surface-initiated ATRP from non-planar surfaces

Surface-initiated ATRP technique is especially useful in preparation of uniform
polymer films on non-planar surfaces, which cannot be achieved by traditional coating

methods. Many non-planar surfaces have been used as substrate, such as silica, gold,
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latex, magnetite particles and carbon nanotubes. For surface-initiated ATRP, controlled
polymerization simultaneously occurs across entire surfaces, which allows for growth of
well-defined polymer brushes from non-planar surfaces. These dense polymer brushes
intensively affect interactions between the modified surface and surrounding environment
at the molecular level. For example, the dispersibility and dispersion stability of
nanoparticles and nanotubes in appropriate solvents can be greatly enhanced and the

separation selectivity of chromatographic supports can be effectively improved.

Silica particles are the mostly used non-planar substrate for surface-initiated
ATRP. The first work was reported by Patten et al.®?”® They successfully grafted PSt
and PMMA from silica particles with an average diameter of 75 or 300nm(see Scheme
1.6). By the use of sol-gel chemistry, Matyjaszewski et al.>* synthesized ATRP
initiator-functionalized silica particles with an average diameter of about 20nm, and then

homopolymer and block copolymers were grafted from these silica particles.

@ CDES *R A R*  Styrene, 130 °C

- epkiil-pe -
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Nanoparticles

Scheme 1.6 Surface-initiated from SiO, nanoparticles.28
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This strategy can be easily extended to other inorganic nanoparticles, for example,
gold, CdS quantum dots, and magnetite, etc. The first work of surface-initiated ATRP
from gold nanoparticles was reported by Walt et al. in 2002.3' Gold nanoparticles were
prepared in the presence of 1l-mercaptoundecanol and subsequently esterified with
2-bromoisobutyryl bromide. PMMA brushes were then grafted from these
initiator-functionalized gold nanoparticles to produce gold-core, polymer-shell

nanoparticles.

Other than these inorganic particles, surface-initiated ATRP can also be applied to
modification of polymer particles. Zheng and Stover’” grafted poly(methyl acrylate)
(PMA), poly(¥,N -dimethylaminoethyl methacrylate) (PDMAEMA), PMMA, PHEMA,
and block copolymer brushes from functionalized divinylbenzene/hydroxyethyl

33

methacrylate copolymer microspheres at room temperature. Guerrini et al.”™” used

cross-linked poly[styrene-co-2-(2-bromopropionyloxy)] latex particles as the core, the
ATRP of 2-hydroxyethyl acrylate (HEA) and METAC from these latex particles formed a

hydrophilic shell around the hydrophobic core.

Single-walled (SWNTs) and multi-walled carbon nanotubes (MWNTs) are of

great interest for their extraordinary mechanical and electrical properties. However, the
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poor dispersibility of carbon nanotubes in most solvents greatly hinders their
processability.  Chemical modifications of nanotubes can help to improve their
dispersibility, but at the same time, the structure and properties of the nanotubes may also
be destroyed because a large number (at least one of ten) of sidewall carbons must be
modified to achieve desirable dispersibility. Surface-initiated ATRP was proved to be a
much more suitable method. Polymer chains were grown from only 1 of 250 sidewall
carbons, which can achieve good dispersibility without destroying the nanotube structure.
Recently, numerous investigations of surface-initiated ATRP from both SWNTs and
MWNTs have been reported. Qin et al.** grafted polystyrene from SWNTs (see Scheme
1.7). The dispersibility of these nanotubes in common organic solvents was greatly
improved after the polymer grafting. The grafted polymer chains also had the ability to
force the starting carbon nanotube bundles to separate into smaller bundles or ever
individual tubes. Kong et al.>* used the same method to graft a PMMA layer on
MWNTs and then grew a second block of PHEMA atop the PMMA layer, thus yielded a
nanotube surrounded by a non-polar PMMA layer which itself was surrounded by a more
polar PHEMA layer. The resulting block copolymer modified nanotubes exhibited very

good solubility in good solvent for PHEMA, the outer layer.
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Scheme 1.7 Modification of SWNTs by surface-initiated ATRP.**
1.2.5 Surface-initiated ATRP from other substrates

As discussed above, surface-initiated ATRP is a very powerful technique to
prepare well-defined polymer brushes from surfaces. Its applications were not limited to
aforementioned planar and non-planar substrates; many other special materials were also
successfully used as substrates for it. In 2005,>® Maynard et al. reported the first work of
surface-initiated ATRP from protein. Streptavidin (SAv) was chosen as the protein to
demonstrate the technique. The general procedure of ATRP from SAv is outlined in
Scheme 1.8. A biotinylated ATRP initiator was prepared and reacted with streptavidin
to be liked to the protein. The prepared protein macroinitiator was then used to initiate
the polymerization of n-isopropylacrylamide (NIPAM) and poly(ethylene glycol) methyl

ether methacrylate (PEGMA). The successful grafting of polymers was confirmed by
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SDS-PAGE and size exclusion chromatography (SEC) measurements.
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Scheme 1.8 Preparation of streptavidin-polymer conjugaltes.36

Surface-initiated ATRP has been used as a very useful tool to modify the pores of
membranes, either inorganic or polymeric, to improve the separation efficiency or
incorporate special separating ability for certain molecules. In 2004, Kang et al.’’
carried out grafting copolymerization of an intiator-containing monomer,
2-(2-bromoisobutytyloxy) ethyl acrylate (BIEA) from ozone-pretreated poly(vinylidene
fluoride) (PVDF) to achieve PVDF-g-PBIEA copolymer. The copolymer solution was
used to fabricate porous membranes by phase inversion. As shown in Scheme 1.9,
ATRP of PEGMA and sodium 4-styrenesulfonate (NaSS) can be initiated from the BIEA
side chains. By this method, the inner surfaces of membrane pores were modified by

PPEGMA or PNaSS polymer chains, which generated antifouling membrane and
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electrolyte-responsive membrane, respectively.
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Scheme 1.9 Modification of pores of PVDF membranes.®’

The pores of inorganic membranes can also act as a template for the preparation of

polymer nanotubes. In 2005, Li et al.*® immobilized silane-based ATRP initiators on the
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pore walls of porous anodic aluminium oxide (AAO) membrane and then a crosslinked
copolymer of NIPAM and N,N’-methylene-bisacrylamide (PNIPAM-co-MBAA) was
grafted from the pore inner walls. The AAO membranes were then dissolved in NaOH
solution and PNIPAM-co-MBAA nanotubes with well defined length, outer diameter,
wall thickness were achieved. The prepared polymeric nanotubes had very high
flexibility and they also exhibited a reversible thermo-responsive behaviour. The

process is outlined in Scheme 1.10.

Dissolve AAOQ
membrane

Nanotubes

Scheme 1.10 Fabrication of PNIPAM nanotubes in a porous AAO membrane.*®

Clay-polymer nanocomposite materials combine the mechanical strength of clay
and the flexibility of polymer, which have drawn great interests. The surface-initiated

ATRP technique also finds its uses in preparation of clay-polymer nanocomposite
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materials. In Shipp et. al.’s work,” an ATRP initiator consisting of a quaternary
ammonium salt moiety and a 2-bromoisobutyrate moiety was intercalated into the
interlayer spacing of montmorillonite (MMT). Subsequent ATRP of styrene, MMA, or
n-butyl acrylate (BA) from these immobilized initiators significantly helped the

exfoliation of MMT platelets (as shown in Scheme 1.11).

Polymer.ayered silicate
MMT-2 nanocomposite

Scheme 1.11  Preparation of polymer-MMT nanocomposite materials.>

1.3  Grafting of polymers from metal surface

1.3.1 Introduction of metals

Because of their high mechanical strength, superior electrical and thermal
conductivities and other important physical properties, metals and alloys are probably the
most widely used and most useful materials in our daily life. We can easily find

numerous metal-made objects around us, such as car bodies, building materials, and
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varieties of tools.

Iron is the most commonly used metal today, accounting for 95% of worldwide
metal production. Its low cost and high strength makes it a very important component of
many different industries, for example, construction, automobile manufacturing and
machinery fabrication. As it is well known, the major disadvantage of iron and steel is
that they can be easily corroded in wet atmosphere and their mechanical strength suffers
badly from rust. In order to solve corrosion problem, stainless steels were developed.
Stainless steels are a group of iron alloys which contain at least 10wt.% of chromium.
The function of chromium is to help build a passivation film on the surface which has
recovering ability after mechanical abrasion. For some applications, molybdenum was
also added into stainless steel to further improve its corrosion resistance. The resulting

materials can withstand pitting and crevice corrosion at the presence of chlorine.

Aluminium is a soft, durable, lightweight and malleable metal. It is the second
most produced metal in today’s market, only after iron. Due to a very thin, but very
dense layer of aluminium oxide, the corrosion resistance of aluminium is very good.
The excellent corrosion resistance, combined with the light weight makes aluminium

alloys a very useful group of materials for space engineering. They are widely used to
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form vital components of aircraft and rockets. Aluminium is also a very good electrical

and thermal conductor, so it is also widely used as household wiring material.

Copper and nickel are the two metals which have important applications in our
day life. Copper has played a very important role in the history of mankind, especially
before the discovery of iron. Copper has excellent electrical and thermal conductivity,
good malleability and ductility; also it has a very unique property to kill bacteria. It is
widely used as electrical wires, computer heat sinks, building materials, and doorknobs in
hospitals. The use of nickel can be tracked back as far as 3500 BC. Nickel is
persistent to oxidation, so that it is an important component of stainless steels. Nickel
can be used as magnets for it is one of five ferromagnetic elements. Nickel is also a
good catalyst for hydrogenation in the laboratory. Other than these applications listed
above, copper and nickel are also key components of many useful alloys, such as brass

(copper and zinc), cupronickel (copper and nickel) and all kinds of superalloys.

1.3.2 Surface-initiated ATRP from metal surfaces

In sprite of wide spread uses of the surface-initiated ATRP technique to various

substrates, little effort has been made to metals and alloys. Different from other
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materials used in surface-initiated ATRP, metals have very high reactivity and their

surface chemical compositions are very complicated.

Jérome’s group was the first to succeed in applying this technique to steel

% In2003, they synthesized a dual monomer, 2-chloropropionate ethyl acryalate

surface.”
(cPEA), which had acrylate structure and an activated chloride able to initiate ATRP.
The functional monomer was electro-grafted from steel surface to form a dense layer of
ATRP macroinitiators. PSt then was grafted from these macroinitiators by
surface-initiated ATRP (See Scheme 1.12). Because copper catalysts were found to
corrode steel surface, the authors used Grubbs catalyst and nickel catalyst instead.
However, these catalysts cannot provide good control over the polymerization. The
grafted PSt had very high polydispersity. The polymer film surfaces were very rough.
Using this “macroinitiator” strategy, this group successfully grafted many other
monomers from steel surfaces. In 2006, they grafted 2-(fert-butylamino)-ethyl

1 They also succeeded in the

methacrylate (TBAEMA) from stainless steel surfaces.
copolymerization of TBAEMA with either monomethyl ether of poly(ethylene oxide)
methacrylate (PEOMA) or acrylic acid (AA) or styrene. Peeling tests revealed that the

polymer films had very strong adherence to the stainless steel surface. The surface

roughness was found to decrease after the grafting of polymer films. Poly(TBAEMA)
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brushes copolymerized with either negatively charged carboxylate groups or flexible
hydrophilic PEO chains were very effective in preventing protein absorption as well as in
reducing the adhesion of bacteria S. aureus. The antibacterial stainless steel can be
made into biomedical implants which are very important in orthopaedic applications.
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Scheme 1.12  Two step process for the grafting of polystyrene from steel surfaces. *°

In 2005, Matrab et al. reported a novel approach for surface-initiated ATRP from
steel surface (see Scheme 1.13).* A brominated aryl diazonium salt
BF4',W2-C6H4-CH(CH3)-Br was grafted onto steel surfaces by electrochemical reduction.

ATRP of MMA, BA and styrene was initiated from the -C¢Hs-CH(CH;)-Br species on
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surface. The grafted polymer films were found to have very compact structures by AFM

studies. However, the surface was still very rough after the polymerization.
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Scheme 1.13 Surface-initiated ATRP using electro-grafted initiators based on aryl

diazonium salts.*?

In a recent paper, ’ Fan et al. prepared a biomimetic anchor — a catecholic ATRP

initiator.  This catecholic initiator can readily absorb to titanium and 316L stainless steel
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surfaces. ATRP of OEGMA was then initiated from these immobilized biomimetic
initiators to prepare antifouling polymer coatings on the metal surfaces (see Scheme 1.14).
More than 100nm thick of POEGMA films were achieved by this method. By
combining molecular assembly patterning by lift-off (MAPL) with surface-initiated ATRP,
they also succeeded in preparing micropatterned polymer coatings on titanium surfaces
for potential uses as cell arrays. In 2006, they reported a further study on the effect of
ethylene glycol side chain length on the cell fouling resistance properties. OEGMA
monomers containing side chains of 4, 9 and 23 ethylene glycol (EG) units were used for
surface-initiated ATRP from a titanium substrate. The polymer films have the same
short term (three weeks) antifouling properties. However, in the long-term experiments,
the polymer films with shorter EG side chain length succumbed to cell fouling more

rapidly than those with longer EG side chains.
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Scheme 1.14 Synthesis and anchoring of the DOPA mimetic initiator and subsequent
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Si-ATRP.*

Kang’s group investigated the surface-initiated ATRP from silicon and polymer
surfaces. They succeeded in applying the surface-initiated ATRP to titanium surfaces
(see Scheme 1.15).** A typical trichlorosilane type surface-attachable ATRP initiators
was immobilized onto titanium foil surfaces by reacting with the hydroxyl groups. Well
defined polymer brushes of PPEGMA, PDMAEMA, and
Poly(2,3,4,5,6-pentafluorostyrene) (PFS) were successfully grafted from these initiators.
Because ATRP is well known as a powerful tool for preparing block copolymers, they
also tried to graft diblock copolymer brushes consisting of PEGMA and DMAEMA

blocks from the titanium surface.
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Scheme 1.15 Surface-initiated ATRP from titanium surfaces using trichlorosilane

initiator.**

All the works by far about the surface-initiated ATRP from metal surfaces are
listed above. Interestingly, all the efforts focused on a few kinds of metals, like steel,
stainless steel and titanium. Most works used the surface-initiated ATRP to functionalize
the metal surface for antifouling or antibacterial applications. However, besides steel
and titanium, there are many other important metals which are also of great use in our life,
such as copper, aluminium, nickel and zinc etc. Other than pure metals, grafting of

polymers from alloys also requires much attention.
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CHAPTER 2

Research Objectives, Thesis Outline and Contributions to Articles

2.1 Research objectives

Surface-initiated ATRP is an effective method for preparation of polymer coatings

covalently bonded to surface, which can provide high adhesion strength and well-defined

polymer functionalities.

The objectives of this research are:

i.  To study applications of the surface-initiated ATRP in preparation of polymer
brushes with special functionalities, such as fluorinated polymers and polymers

with bulky POSS side groups.

ii.  To develop novel methods to increase grafting density for the surface-initiated

ATRP.

ili.  To investigate fundamentals of the surface-initiated ATRP from reactive metal
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surfaces.

2.2 Thesis outline

This thesis consists of seven chapters. Chapter 1 gives an introduction and
literature review of the surface-initiated polymerization techniques. Chapter 2 states the
research objectives of this thesis. Chapter 7 concludes the significant contributions of
this study and provides recommendations for future work. Chapter 3-6 are based on
four papers that have been published or submitted to peer-referred journals. This is a

sandwich type thesis that follows McMaster’s guideline for thesis writing.

Chapter 3 consists of an investigation of the surface-initiated ATRP of a partially
fluorinated polymer, poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA) from flat silicon
wafer surfaces. The main objective of this chapter is to study the applicability of the
surface-initiated ATRP in preparation of fluorinated polymer films. The ATRP grafting
kinetics of PTFEMA is described in details based on two methods used to control the
polymerization, i.e., adding free initiator and adding excess deactivator to the reaction
system. More than 100nm thick PTFEMA layers were obtained and the PTFEMA

chains ends were “living”, allowed for the extension of a second block of PMMA.
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Another important objective of this chapter is to investigate the effect of a novel
surface-attachable difunctional initiator, 11-(2,2-bis(2- bromo-2-methyl propionyloxy
methyl)propionyloxy) undecyltrichlorosilane on the grafting density. The grafting
density was found to be almost doubled using this difunctional initiator, from 0.48 to

0.86chains/nm?.

Chapter 4 studies the surface-initiated ATRP of a novel Polyhedral Oligomeric
Silsesquioxane(POSS)-containing methacrylate monomer, 3-(3,5,7,9,11,13,15-heptacyclo
pentyl-pentacyclo[9.5.1.1.>°1.31517!%)-octa-siloxane-1-yl) propyl methacrylate (POSS-
MA) from flat silicon wafers. The objective of this chapter is to investigate the
applicability of the surface-initiated ATRP in preparation of polymer brushes with very
large and rigid pendant groups. The ATRP grafting kinetics of Poly(POSS-MA) is also

described in details based on the two general methods to control polymerization.

Chapter 5 studied the surface-initiated ATRP of acrylic polymers from flat metal
(Ni and Cu) surfaces. The metal surfaces were thoroughly cleaned and precisely
polished to facilitate initiator immobilization and characterizations. A mild
sillane-based initiator, 3-(2-bromo-2-methyl)amino propyl triethoxysilane was

immobilized onto the metal surfaces without any corrosion. Various acrylic polymers
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including PMMA, PTFEMA, PDMAEMA and PHEMA were grafted from the flat Ni and
Cu surfaces. The kinetic study of the surface-initiated ATRP on metal surfaces was
investigated in details using both “adding free initiator” and “adding deactivator”
methods. The potential of this surface-initiated ATRP technique in alloy surface
modification was also studied. PDMAEMA and POEGMA were grafted from the

surface of a shape-memory-alloy, nitinol.

Chapter 6 is an extension of the work of Chapter 5. The same technique was
employed to graft polymer brushes from metal nanoparticles.  The similar
siloxane-based ATRP initiators were covalently bonded onto the surface of Ni
nanoparticles by combination of ligand exchange and condensation reactions. PMMA,
PSt, PNIPAM and PDMAEMA were successfully grafted from the Ni nanoparticle
surface. The grafted polymer outer shells can effectively help facilitate and stabilize the
dispersion of Ni nanoparticles in appropriate solvents. Moreover, by tuning polymer
shell thickness through varying polymerization time, the saturation magnetization of Ni

nanoparticles can be easily tuned to desired values.

2.3  Contributions to articles
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Four articles are embodied in this thesis (Chapters 3-6). Professor Shiping Zhu
provided guidance with the initial research direction and idea generation. Most
experimental works were designed and carried out by myself. Professor Gianluigi
Botton provided guidance and help on the electron microscopy setup and data analysis.
Dr. Beng S. Ong and Dr. Yiliang Wu provided guidance on organic synthesis. Dr.
Shane Maclaughlin provided guidance on the metal surface treatment and modification.
I prepared the first drafts of all these papers and the initial responses to the comments of
the journal reviewers. I worked with Professor Shiping Zhu on the subsequent drafts

until they are accepted. 1 was the first author for all four papers.
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CHAPTER 3
Surface-initiated ATRP Grafting of Poly(2,2,2-trifluoroethyl

methacrylate) from Flat Silicon Wafer

This chapter is organized based on the published article: Chen R, Feng W, Zhu SP,

Botton G, Ong BS, Wu YL. J Polym Sci Part A: Polym Chem 2006, 44, 1252-1262.

3.1 Abstract

Poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA), a partially fluorinated
polymer, was directly grafted from silicon wafer surfaces by a surface-initiated atom
transfer radical polymerization (ATRP). The polymer layer thickness increased linearly
with monomer conversion and molecular weight of free polymers in solution. The
thickness was mainly determined by the experimental conditions such as
activator/deactivator ratio, monomer/catalyst ratio, and monomer concentration.
PTFEMA layers of more than 100nm thick were obtained. The grafted PTFEMA chains
were “living” and allowed the extension of a second block of PMMA. An X-ray
photoelectron spectroscopy study showed that the chemical compositions at the surfaces

agreed well with their theoretical values. A novel surface-attachable difunctional
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initiator was also synthesized and applied to the grafting of PTFEMA. The grafting

density was doubled using this difunctional initiator, from 0.48 to 0.86chains/nm?.

3.2 Introduction

Recently, considerable attentions have been paid to the organic/inorganic hybrid
structures that are composed of dense polymer brushes immobilized on solid substrate
surfaces, including flat substrates,' silica or gold nanoparticles,”'® carbon nanotubes,'’

2

and fullerenes'? for their potential applications as biomaterials,”® sensors,'*

microelectronic devices,'> and so forth. There are two general ways to prepare the

»16 and the other is “grafting from”.!” In the “grafting

hybrid structures, one is “grafting to
to” approach, polymer chains are covalently bound to surfaces via reactions between
reactive chain ends or side chains with coreactive surface moieties. The polymer chains
are prepared in advance, and therefore it is easy to control and characterize their chain
structure. However, there is a limitation to this approach. Once some chains are
attached to the surface, these early chains form a diffusion barrier and prevent later chains

from approaching the surface. As a result, this approach is not good for preparing high

grafting density polymer brushes.
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In the “grating from” approach, polymerization initiators are immobilized to
surface. Successive in situ surface-initiated polymerization grows polymer chains from
the surface. There are many methods to introduce initiator moieties, for example, treating
surface with plasma or forming initiator-containing self-assembly monolayer (SAM)."
The most important advantage of the “grafting from” method is that it allows preparation
of high grafting density polymer brushes. However, the characterization of grafted

polymer chains is challenging.

Polymer grafting via conventional free-radical polymerization mechanisms was
first employed by Prucker and Riihe'® to graft polystyrene from azo initiators
immobilized on silicon gel particles. The thickness can be controlled by using the
half-life of the azo initiator and the known chain transfer constant for the monomer used
in the polymerization. However, because of the nature of conventional radical
polymerization, the grafted polymer chains were not “living”, and had broad molecular

weight distributions.

To overcome the drawbacks of conventional radical polymerization grafting,
various controlled/“living” polymerization techniques have been applied to grafting

polymer brushes, for example, “living” anionic polymerization,'® nitroxide-mediated
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radical polymerization (NMP),> reversible addition-fragmentation chain-transfer
polymerization (RAFT),® and atom transfer radical polymerization (ATRP).>** The
transition metal mediated ATRP received great attention in the recent years because of its
versatility of monomer types, tolerance of impurities, mild reaction conditions, and
excellent control over molecular weight and polydispersity.>’ A variety of monomer
have been successfully grafted from various substrate surface by ATRP such as styre:ne,z’3

methyl methacrylate (MMA),'? 2-hydroxyethyl methacrylate (HEMA)’ and

2-methacryloxyloxyethyl phosphorylcholine (MPC).*!

It is well known that fluorinated polymers have such special properties as high
thermal and chemical stability, low refractive index, low surface energy, and high
hydrophobicity.”>  Fluorinated polymers have been extensively exploited, and their
applications include novel biomaterials, optical devices and high-quality coatings.**** In
recent years, a lot of work has been done on the preparation of fluorinated polymer
brushes by surface-initiated “living” polymerization. Brantley and Jennings® used
surface-initiated ATRP to graft poly(HEMA) films from gold surface, and the polymer
films were fluorinated by the reaction between hydroxyl groups and fluorinated acid

26,27

chlorides. The same method was employed by Baker and coworkers to prepare

porous alumina membranes coated with fluorinated poly(HEMA) films. Fluorinated
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monomers were also directly grafted from surfaces. Ober and coworkers,?® synthesized
styrene-based homopolymer and copolymer brushes bearing semifluorinated alkyl side
groups by surface-initiated NMP. Brittain and coworkers® used surface-initiated ATRP
to graft stimuli-responsive diblock copolymer brushes, consisting of poly(methyl acrylate)

and poly(semifluorinated acrylates).

2,2 2-trifluoroethyl methacrylate (TFEMA), is a monomer with low fluorine
content (34%), which can be easily synthesized by the reaction of 2,2,2-trifluoroethanol
and methacryloyl chloride. Recently, TFEMA-containing homopolymers and
copolymers have found applications in various areas, such as cladding materials in optical
fibers,? protectives or consolidants for marble statues.”* TFEMA has been polymerized
via free radical mechanisms;*° however, there is no report on grafting PTFEMA from
substrate surfaces. In this work, we report the grafting of PTFEMA from silicon wafer
surfaces by surface-initiated ATRP. The effects of different approaches and

experimental conditions on the grafting polymerization are systematically investigated.

The grafting density is defined as the number of grafted polymer chains per unit of
surface area. It is an important parameter in surface-initiated polymerization that

determines surface properties of the materials in their applications. A higher grafting
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density results in a more uniform and dense brush layer. We aim to synthesize polymer
brushes of high grafting density and well-control molecular weights. There were some
investigations reported in the literature on surface-initiated ATRP systems with initiator
SAM techniques.*® The obtained grafting densities ranged from 0.1 to 0.60chains/nm”.
In this work, we also synthesize a novel surface-attachable difunctional initiator and
demonstrate its effectiveness in increasing the grafting density of PTFEMA from 0.48 to

0.86chains/nm>.

3.3 Experimental

3.3.1 Materials

Trichlorosilane (99%), 2-bromoisobutyryl bromide (98%), 10-undecen-1-ol (98%),
4,4’-dinonyl-2,2’-dipyridyl (dNnbpy) (97%), ethyl 2-bromoisobutyrate (EBIB) (98%),
hydrogen hexachloroplatinate (IV) hydrate (H,PtCls, 99.9%), 2,2-bis(hydroxyethyl)
propionic acid (98%), PCls (95%), CuCl (99.999%), CuBr; (99.999%) were purchased
from Aldrich and were used as received. 2,2,2-Trifluoroethyl methacrylate (TFEMA)
(98%; Aldrich), methyl methacrylate (MMA) (99%; Aldrich) and a,a,a-trifluorotoluene

(anhydrous, +99%,; Aldrich) were distilled over CaH; under vacuum and was stored at
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-15°C before use. Toluene and tetrahydrofuran (both HPLC grade) were obtained from
Caledon Laboratories Ltd. Toluene was distilled. Double-sided polished silicon
wafers (P-doped, (100)-oriented, 10-20Q-cm resistivity, 0.56mm thickness) were
purchased from University Wafer Company (Boston, MA) and cut into 5x5mm pieces
using a Micro Ace Series 3 dicer (Loadpoint Ltd., England). Deionized water with a
resistivity of 18MQ-cm was prepared from a Millipore Milli-Q filtration system.

Ultra-high-purity-grade argon was used in this study.

3.3.2 Monofunctional initiator synthesis

The surface-attachable monofunctional initiator  11-(2-bromo-2-methyl)
propionyloxy undecyltrichlorosilane was synthesized from 10-undecen-1-ol according to
the published procedure.” 'H NMR(CDCls, 200MHz): & 4.16 (t, 2H, OCH,, J = 8.8Hz),

1.90 (s, 6H, CBr-CH3), 1.27-1.74 (m, 20H, CH,CH,).

3.3.3 Difunctional initiator synthesis

The synthetic route for the surface-attachable difunctional initiator 11-(2,2-bis(2-

bromo-2-methyl propionyloxy methyl)propionyloxy) undecyltrichlorosilane is shown in
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Scheme 1. The branching agent 4 was first prepared following the method of Gnanou et
al’!' In synthesizing the ester 5, to a solution of 4.257g (25mmol) of 10-undecen-1-ol in
20ml of dry THF was added 2.10ml of pyridine (26.5mmol). A solution of 11.29g
(25mmol) of 4 in 10ml of dry tetrahydrofuran was then dropwisely added over a period of
Smin. The mixture was stirred overnight at room temperature and then diluted with
hexane (50ml) and washed with 2N HCI once and water twice. The organic phase was
dried over sodium sulphate and filtered. The solvent was removed from the filtrate
under a reduced pressure. The colourless oily residue was purified by a column
chromatography (hexane/ethyl acetate 5/1 v/v) to yield 11.64g (80%) of the ester S as
colourless oil. The method of Hawker et al.”> was employed for the hydrosilation of the
ester 5. Finally, a solution of the difunctional initiator 6 in toluene (about 0.5mol/l) was
obtained and then used without further purification. 'H NMR(CDCl3;, 200MHz) & 4.36
(dd, 4H, COC-CH,, J = 11.2 Hz, 6.0 Hz), 4.13 (t, 2H, OCH,, J = 6.6 Hz), 1.90 (s, 12H,

CBr-CH3), 1.27-1.63 (m, 23H, CH,CH, COC-CH3)
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Scheme 3.1 Synthesis of surface-attachable difunctional initiator.
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3.3.4 Preparation of initiator-functionalized silicon wafer

Si(100) wafers were first washed with the “piranha” solution (a mixture of
70vol% concentrated sulphuric acid and 30vol% of hydrogen peroxide) to remove the
organic residue. The wafers were rinsed with copious amount of deionized water, dried
in argon flow. After that, these wafers were immersed in HF solution to remove the
native oxide film and then placed into UV-ozone cleaner for 3min to grow a uniform
oxide film. The clean wafers were placed in a crystallizing dish to that a solution of
initiator (1544) in dry toluene (15ml) was added. 25l of triethylamine was also added.
The dish was covered and left at room temperature for 18h. The wafers was then rinsed

with toluene, acetone and methanol and dried in an argon stream.

3.3.5 ATRP of TFEMA from initiator-functionalized silicon wafer

A representative ATRP grafting run with an added amount of free initiator is as
follows: Initiator-functionalized silicon wafers were placed into glass tubes separately.
These tubes, capped with rubber septum, were deoxygenated with argon for 10min.
8.7mg (0. 088mmol) of CuCl, 41.8mg (0.176mmol) of dNnbpy were placed into a 10-ml

flask that contains a magnetic stir bar. The flask was fitted with a rubber septum and
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purged with argon. 3.28ml of a,0,a-trifluorotoluene and 2.00ml (14.0mmol) of TFEMA
were added to the flask via syringe (both were bubbled for 1h with argon before use).
The mixture was stirred and degassed with argon until a homogeneous brown solution
formed (about 10min). The flask was kept at room temperature and 12.7u1 (0.088mmol)
of EBIB initiator was added into the mixture via syringe. The reaction mixture was
homogenized by intense agitation and quickly transferred into the prepared glass tubes
that contain initiator-functionalized silicon wafers via a cannula. These tubes were
placed into an oil bath of 900. After desired periods of time of polymerization, the
tubes were sampled and unsealed. The silicon wafers were taken out from solution,
rinsed with THF, cleaned ultrasonically for 30min in THF, rinsed again with THF and

then dried in a nitrogen stream.

In a representative ATRP grafting run with an added excess amount of deactivator,
8.0mg (0.08 mmol) of CuCl, 2.0mg (0.008 1mmol) of CuBr; and 71.4mg (0.178mmol) of
dNnbpy were placed into a 10-ml flask containing a magnetic stir bar. The flask was
deoxygenated through several evacuation/backfilling cycles of argon. Argon bubbled
3.28ml of a,0,0-trifluorotoluene and 2.00ml (14.0mmol) of TFEMA were then added to
the flask via syringe. The mixture was stirred intensively, degassed with argon for

another 10min, and then transferred to the glass tubes that contain initiator-functionalized
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silicon wafers via a cannula. The silicon wafers were taken out from the glass tubes
after the desired time periods and cleaned by the same procedure as in the added free

- initiator case.

3.3.6 Preparation of P(TFEMA-b-MMA) brushes on silicon wafers

PTFEMA-grafted silicon wafers were placed into glass tubes and degassed.
9.3mg (0.094mmol) of CuCl, 2.2mg (0.0094mmol) of CuBr; and 82.9mg (0.207mmol) of
dNnbpy were placed into a deoxygenated flask. 2.00ml (18.7mmol) of degassed MMA
and 2.00ml of degassed toluene were then added via syringe. The mixture was stirred
and degassed with argon for Smin, and then transferred via a cannula into the glass tubes
than contain PTFEMA -grafted silicon wafers. The glass tubes were heated for 12h in an

oil bath of 70°C. The silicon wafers were removed and cleaned.

3.3.7 Instruments

The initiator and polymer layer thickness on silicon wafers was determined by an
Exacta 2000 ellipsometer (Waterloo Digital Electronics, Waterloo, ON, Canada)

equipped with a He-Ne laser (632.8nm) at a 70° incident angle. The optical constants
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(refractive index, extinction coefficient) of Si (#=3.865, k =0.020) and Si10, (n =1.465, k
=() were used to determine the thickness of the SiO; layer of the freshly cleaned silicon
surfaces. The values of #=1.5000 and k=0 were used to calculate the thickness of the
initiator-covered silicon wafers and n=1.437 and 4=0 for the polymer-covered substrates.
The data were collected at three spots on each wafer sample. X-ray Photoelectron
Spectroscopy (XPS) was recorded on a Leybold Max 200 XPS with an aluminum anode
non-monochromatic source. Survey scans (0-1000eV) were performed to identify
constitutive elements. Low-resolution scans of the peaks corresponding to these
elements provided their atomic concentrations. These scans were measured with a
takeoff angle of 90°. Immediately prior to the measurement, the samples were rinsed
with 1,1,2-trichlorotrifluoroethane to remove contaminants. Water contact angles were
measured using a Ramé-Hart NRL goniometer (Mountain Lakes, NJ). Silicon wafers
were rinsed in methanol and dried in a nitrogen stream immediately prior to the
measurement. Advancing and receding contact angles were measured using the sessile

drop method.

The molecular weights of PTFEMA were determined by a gel permeation
chromatography (GPC). A Waters710 sample autoinjector, three linear columns in

series (Waters Styragel HR SE, 2_Shodex KF-804L), a Waters 600 pump system and a
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410 RI detector were used for the assays. The eluent (THF + 2vol% triethylamine) was
pumped through the system at a fixed flow rate of Iml/min. The columns and detector
were heated to 35°C and 40°C, respectively. Narrow polystyrene samples were used as
standards to generate the calibration curve. Data were recorded and manipulated using
the Waters Millennium software package. The nuclear magnetic resonance (NMR) data
was measured using a Bruker AC-P200 NMR spectrometer (200MHz) in d-chloroform.
The monomer conversion in ATRP grafting in the added free initiator case was calculated

by the equation below:

X = 1 - (Is=6.25ccH2=cch3) + Is=5.71cc2=ccu3))/(Is=4 30~4.65 (CH2CF3))-

34 Results and discussion

3.4.1 Synthesis and characterization of initiators on silicon surface

In this work, highly dense initiator monolayers were formed on the silicon wafers
by the reaction of the initiator’s trichlorosilane moieties with the surface hydroxyl groups.
The thickness of the monolayer was 2.5 + 0.2nm measured by ellipsometry, which was
very close to the reported thickness for an octadecyltrichlorosilane (OTS) monolayer

(2.6nm).32 For each sample, the deviation of the thicknesses at three different spots was
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http:2.6nm).32
http:l0=s.11(CH2=CCH3))/(Io=4.30-4.65

smaller than 0.2nm. The monolayer was very uniform, with no clusters/domains
observed. The chemical compositions of the initiator-functionalized silicon wafers were
examined by XPS (please see appendix). The presence of the Brsq core-level spectrum
at the BE (Binding Energy) of ~70.5¢V and the reappearance of the O=C-O peak
component in the C;s core-level spectrum indicated that the 2-bromoisobutyrate species
was successfully immobilized on the silicon surfaces. The advancing and receding
water contact angles of the wafers were 78.2° and 67.4, respectively. These contact

angles were much higher than the value of < 10° for the hydrophilic silicon wafer.

3.4.2 Surface-initiated ATRP of TFEMA from functionalized silicon wafer

ATREP is controlled by the fast equilibrium of radical activation and deactivation,
as shown in Scheme 3.2. Since the deactivation rate constant Kgea is usually many
orders of magnitude higher than the activation k,, the radical concentration is very low,
so that the termination can be effectively minimized. To have a good control over
polymer molecular weight development, a high concentration of deactivating species (i.e.,
Cu(Il)/ligand complex) is indispensable. In a solution ATRP, the red-ox reaction of
initiator with Cu(l) and successive termination of the primary radicals provide a sufficient

level of Cu(Il). In the surface-initiated ATRP, the number of initiator moieties on the
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surface is inadequate to generate enough Cu(Il) species for the ATRP system. There are
normally two approaches to tackle this problem: one is to add some free initiator to
solution,"* and the other is to add Cu(ll) directly at the very beginning of

3 In the former approach, “free” polymer chains are formed in solution.

polymerization.
If the molecular weight of the free chains is assumed to be the same as that of “grafted”
chains, one can readily estimate the polymer grafting density at the surface. However,
the surface samples prepared using this approach requires an intense cleaning process to
remove adsorbed chains. The latter approach is often used to yield thicker polymer

layers.

kact
Po-X+ ML == P *+ X-Mt"*'/L

Kdeact U
kp \\~\\

Monomer X termination

Scheme 3.2 General scheme of ATRP.

As a preliminary experiment, a solution ATRP of TFEMA was carried out.
Haddleton et al.*® were the first who reported a solution ATRP of TFEMA with pyridine
imine as ligand and toluene as solvent. However, the kinetic plot of monomer
conversion showed a significant level of irreversible termination at the late stage of the

polymerization. The initiator efficiencies were low and the polydispersities were high at

-58-



about 1.30. To improve the control, we made some modifications to the recipe. A
fluoric solvent, a,0,0-trifluorotoluene, was used to replace toluene and the ligand was
changed from pyridine imine to dNnbpy. Figure 3.1 shows the conversion and
molecular weight profiles. A linear In([M]y/[M]) versus time was obtained. The
experimental molecular weights were very close to their theoretic values with

polydispersities <1.15.
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Figure 3.1 (a) First-order kinetic plot and (b) evolution of molecular weight for the
polymerization of 2,22-trifluoroethyl methacrylate at 90°C initiated by ethyl

2-bromoisobutyrate. [TFEMAJ/[CuCl)/[EBiB)/[dNnbpy] = 107/1/1/2, [TFEMA] =

2.66M, Solvent: a,a,a-trifluorotoluene.
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3.4.3 ATRP grafting of TFEMA with added free initiator

Scheme 3.3 illustrates the ATRP “grafting from” approach. In the ATRP
grafting of TFEMA from silicon wafers with the added free initiator, the same recipe as
that of the solution ATRP was used. The monomer concentration remained unchanged
while the free initiator concentration varied targeting for different degrees of
polymerization (DP). As shown in Figure 3.2(a), the thickness of the grafted PTFEMA
layer increased linearly with monomer conversion for both of the targeted DPs. A linear
relationship between the thickness of the grafted PTFEMA layer and the molecular
weight of the “free” polymer formed in solution was also observed, as shown in Figure
3.2(b). These results demonstrated a good control in the ATRP grafting of TFEMA

from silicon surfaces.
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Figure 3.2 Thickness of the PTFEMA layer versus (a) monomer conversion and (b)
molecular weight of “free” polymer with added free initiator. (1) [TFEMAY/
[CuCl)/[EBiB])/ [dNnbpy] = 160/1/1/2, (2) [TFEMAY)/[CuCl]/[EBiB}/ [dNnbpy] =

80/1/172. [TFEMA]=2.66M. Solvent: o,a,a- trifluorotoluene.
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The PTFEMA grafting densities can be estimated from the equation: /"= dp/M;,>*
where d is the thickness (nm) of the grafted polymer layer, p is the bulk density of the
polymer (1.181g/cm® used for PTFEMA), and M, is the number-average molecular
weight of the polymer grafted from the surface. Although the exact molecular weight of
the grafted polymer is unknown, we can just use the molecular weight of the polymer
formed in solution for estimation. In this way, the grafting densities were calculated to
be 0.49chains/nm” and 0.50 hains/nm?, respectively, for the targeted DP = 160 and DP =
80. However, from Figure 3.2(b), we can find that the initiation of polymerization on
surface was slower than that in solution, so the molecular weight of the grafted polymer
was lower than that of polymer in solution. In this case, the actual grafting density was

larger than the estimated value.

3.4.4 ATRP grafting of TFEMA with added deactivator

With the free initiator addition approach, the surface-initiated ATRP was well
controlled. Hdwever, this approach could not yield thick polymer layers. To overcome
this drawback, the deactivator addition approach was examined. The recipe was similar
to the one used in the previous experiments. The only difference was that CuBry,

instead of free initiator, was added at the beginning of polymerization. We kept the
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TFEMA and CuCl concentrations constant and varied the CuBr, and dNnbpy
concentrations to have different CuBr,/CuCl molar ratios from zero to 50%. Figure 3.3
shows the data. Without CuBr; added, the PTFEMA layer thickness increased at the
early stage and levelled off rapidly. This suggested that the radicals were not adequately
deactivated and therefore terminated because of a lack of the deactivator species. When
the CuBr,/CuCl molar ratio was increased to 10%, the initial increase in thickness slowed
down because of a reduced radical concentration. However, the thickness kept
increasing for a long period of time. Increasing the ratio to 20% further reduced the
thickness growth rate. When the ratio of 50% was used, the thickness increased linearly
with the reaction time, i.e., at a constant but low growth rate. In order to achieve a
compromise between the control with the rate, we selected the ratio of 10 mol% to further

examine the effects of concentration and catalyst concentrations on the grafting.
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Figure 3.3 PTFEMA thickness versus polymerization time for different [CuCl]/[CuBr;]
ratios at [TFEMA] = 2.66M with added excess deactivator. (a) [TFEMA}/[CuCl}/
[CuBr,)/[dNnbpy] = 173/1/0/2; (b) [TFEMA]/[CuCl)/[CuBr,}/[dNnbpy] = 173/1/0.1/2.2;
(c) [TFEMAY)/[CuCl]/[CuBr,)/[dNnbpy] = 173/1/0.2/2.4; and (d) [TFEMA}/[CuCl)/

[CuBr,}/[dNnbpy] = 173/1/0.5/3.0.  Solvent: a,a,a-trifluorotoluene.

Figure 3.4 shows the effect of monomer concentration on the grafting
polymerization. The TFEMA concentration was 2.66M and 6.0M, respectively, and the
TFEMA/CuCl molar ratio was 173/1 in both cases. For a given reaction time, a much
thicker PTFEMA layer was achieved with a higher TFEMA concentration. With

[TFEMA] = 6.0M, the PTFEMA layer reached thicknesses greater than >110nm only
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after 3 hours of reaction.
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Figure 3.4 PTFEMA thickness versus polymerization time for different monomer
concentrations with added excess deactivator. (a) [TFEMA] = 6.0M and (b) [TFEMA] =
2.66M. [TFEMAYJ/[CuCl)/[CuBr;}/[dNnbpy] = 173/1/0.1/2.2. Solvent: a,aa-

trifluorotoluene.

Figure 3.5 shows that for a given reaction time, the PTFEMA layer was thicker at
a lower catalyst concentration. The growth of polymer chains was determined by both
propagation and termination reactions. Decreasing the catalyst concentration reduced
the radical concentration and thus suppressed the bimolecular termination of radicals.

However, the propagation rate was also reduced. The layer thickness was a complicated
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function of catalyst concentration and reaction time. Baker et al.>* found that there was

a specific concentration that yielded a maximum thickness for a given reaction time.
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Figure 3.5 PTFEMA thickness versus polymerization time for different
[TFEMAY/[CuCl] ratios at [TFEMA] = 2.66M with added excess deactivator. (a)
[TFEMAY/[CuCl}/[CuBr,}/[dNnbpy]=173/1/0.1/2.2;  (b) [TFEMAJ/[CuCIl}/[CuBrY

[dNnbpy] = 50/1/0.1/2.2.  Solvent: a,a,o-trifluorotoluene.

3.4.5 Preparation of block copolymer brushes

ATRP is advantageous in preparing block copolymers. In this study, PTFEMA
chains grafted on silicon wafers with three different thicknesses were used as

macroinitiators for an extension of methyl methacrylate (MMA) as second blocks. An
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increase in the polymer layer thickness was observed by ellipsometry for all the samples.
The data are summarized in Table 3.1. The thinner PTFEMA surfaces (shorter chains)
increased more in the extended PMMA thickness. It becomes clear that the grafted
PTFEMA chains on the surfaces were still “living”, but their livingness was lost with an
increase in the PTFEMA layer thickness that required a long period of reaction time in

preparation and thus suffered significant radical termination.

Table 3.1 Ellipsometric thicknesses of Si/P(1-TFEMA-6-MMA).

Thickness(nm) Thickness(nm) Thickness(nm)
(PTFEMA, 1% block) (PMMA, 2™ block) (Total)
154 13.1 28.5
24.6 6.1 30.7
453 23 47.6

X-ray photoelectron spectroscopy (XPS) was employed to examine the chemical
compositions of the surfaces. For Si/PTFEMA., the Cis (285¢V), O (533eV), and Fy;
(687eV) peaks corresponding to the PTFEMA layer were clearly seen on the XPS survey
spectra. The content of C, O and F were in a good agreement with the theoretical values.

For Si/PTFEMA-b-MMA, the disappearance of F;; peak at 687e¢V indicated that
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PTFEMA was fully covered by PMMA, which was further supported by the content of

elements, as shown in Table 3.2.

Table 3.2 Surface composition of Si/P(1-TFEMA) and Si/P(1-TFEMA-5-MMA)

surfaces by XPS using 90° take-off angle.

Sample Element Experimental Data ° Theoretical
Composition
Si/P(1-TFEMA)40,0" C(%) 54.8 54.6
O(%) 16.0 18.2
F(%) 29.2 273
Si/P(1-TFEMAjs54-b-  C(%) 75.1 714
MMA3.1)
O(%) 23.0 28.6
F(%) 1.0 0.0

a. Thickness of PTFEMA layer is 40.0nm

b. Data precision is ~£5%

3.4.6 Increase grafting density using difunctional initiator

The grafting density, i.e., the number of chains per unit surface area, is a very
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important property that determines the surface’s performance in various applications.
Recently, the grafting densities of 0.1 ~ 0.60chains/nm® prepared by surface-initiated
ATRP with various monomers were reported.'”*® However, there are still many
remaining fundamental questions regarding achievable maximum grafting densities.
Take the surface-initiated ATRP of MMA from silicon wafers as an example. The

2 The density of

highest grafting density ever reported was only 0.60chains/nm’.
o-bromoester initiator moiety on the surface was ~5/nm®  The initiator efficiency from

surface was very low; every 7 or 8 initiators initiated only one PMMA chain.

Huck et al.¥’ found that the layer thickness increased almost linearly with the
initiator density at the surface, so that increasing initiator density at the surface may be an
effective way to increase the grafting density. We synthesized a novel difunctional
surface-attachable initiator, as shown in Scheme 3.1, and functionalized silicon wafers
with this initiator. The initiator monolayer was 5.2 + 0.2nm thick and it was also very
uniform (the deviation of the thicknesses at three different points was only 0.2nm). The
surface chemical compositions of the functionalized silicon surface were listed in Table 3.
The Br34/Siy, ratios of the difunct_ional initiator functionalized silicon wafers were much
higher than those of the monofunctional initiator surfaces, suggesting that there were

more initiator moieties on the surfaces.

-70 -



Table 3.3 Surface composition of initiator-functionalized silicon surface by XPS using

90° take-off angle.

Elements Monofunctional initiator Difunctional initiator
C(%) 34.4 513
O(%) 274 24.8
Si(%) 372 22.4
Br(%) 1.0 1.4

PTFEMA was grafted from the difunctional initiator functionalized silicon wafers
with an added amount of free initiator. For comparison, we also grafted PTFEMA from
silicon wafers with the monofunctional initiator under the same conditions. Figure 3.6(a)
shows that the PTFEMA thicknesses increased linearly with monomer conversion. The
PTFEMA layers grafted from the difunctional initiator surfaces were almost twice as
thick as those from the monofunctional initiator surfaces. Figure 3.6(b) shows the linear
relationship between the thicknesses and the molecular weight of “free” polymer. The
grafting densities, estimated from I" = dp/M,, were about 0.48chains/nm® for the
monofunctional initiator surfaces and 0.86chains/nm® for the difunctional initiator
counterparts. As aforementioned, the actual grafting density was higher than the

estimated value. For the difunctional initiator, the initiation on the surface was much
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slower, so the actual grafting density for the difunctional initiator was much larger than
the estimated value, compared with the monofunctional initiator. In this case, we can

conclude that the difunctional initiator can effectively help increase the grafting density.
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Figure 3.6 Thickness of the PTFEMA layer versus (a) monomer conversion and (b)
molecular weight of “free” polymer with added free initiator. (1) Monofunctional initiator
and (2) difunctional initiator. = [TFEMAJ/[CuCl}J/[EBiB]/[dNnbpy] = 200/1/1/2,

[TFEMA] = 2.66M. Solvent: a,a,a-Trifluorotoluene.

3.4.7 Water contact angle characterization of polymer grafted silicon surfaces

Table 3.4 reports the water contact angle data. For Si/P(1-TFEMA) (i.e.,
PTFEMA-grafted surfaces prepared from the monofunctional initiator), the advancing
and receding contact angles were about 93° and 83°, respectively. These values were
significantly higher than those of the initiator-functionalized silicon wafers and were
independent of the PTFEMA layer thickness. For Si/PQ2-TFEMA) (the
PTFEMA -grafted prepared from the difunctional initiator), the advancing contact angle of
94° was very close to that of Si/P(1-TFEMA). The receding contact angles increased
with the increase of the PTFEMA layer thickness from 72° to 83°. The difference
between advancing and receding contact angles reflects the surface roughness. The
Si/P(2-TFEMA) surfaces with short polymer chains appeared to be rough because of the
bifurcated structure of the initiator. The surface became smooth with an increase in the

PTFEMA molecular weight.
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The advancing and receding contact angles of the surfaces grafted with the
PTFEMA-PMMA di-block copolymer decreased with the increase of PMMA layer
thickness. The advancing contact angle of Si/P(1-TFEMAys3-b-MMA;3) was 90.1°,
indicating that only a small part of the PTFEMA surface was covered by PMMA. For
Si/P(1-TFEMA,46-b-MMAg 1), the advancing contact angle decreased to 67.6°. For
Si/P(1-TFEMA 54-b- MMA3,), the advancing contact angle was 63.1°, similar to the

values of 63°~66° for the pure PMMA surfaces.

Table 3.4 Water contact angle of different silicon surfaces at room temperature.

(degree £SD, n = 6)

Sample 0 aav” 8 rec’

Silicon wafer (after cleaning) - -¢
Si/monofunctional initiator 78.2° 67.4°
Si/difunctional initiator 71.0° 52.1°
Si/P(1-TFEMA)37 ¢ 92.8° 81.0°
Si/P(1-TFEMA)s4, ¢ 93.8° 83.4°
Si/P(1-TFEMA)s 3 ¢ 93.5° 83.5°
Si/P(2-TFEMA)s ¢ © 94.5° 72.4°
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Si/P(2-TFEMA);s ¢ 95.1° 78.4°

Si/P(2-TFEMA )2 © 93.8° 83.0°
Si/P(1-TFEMAys 3-b-MMA 3 3) 90.1° 73.2°
Si/P(1-TFEMAy46-b-MMA .,) 67.6° 58.2°
Si/P(1-TFEMA 5 4-b-MMA 131) 63.1° 56.8°

a. B,4v= advancing contact angle.

b. O =receding contact angle

c. Lower than 10°

d. Polymer film grafted from monofunctional initiator

e. Polymer film grafted from difunctional initiator

3.5 Conclusions

The surface-initiated ATRP of a partially fluorinated monomer,
2,2 2-trifluoroethyl methacrylate, from silicon wafer surfaces functionalized with
a-bromoester initiator was carried out with CuCl/4,4’-dinonyl-2,2’-dipyridyl (dNnbpy)
complex as a catalyst system. The effects of various experimental conditions on the
polymerization kinetics and the development of grafted PTFEMA layer thickness were

examined. Based on the experimental results, the following conclusions were reached.
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(1) The ATRP grafting process was well controlled using the “adding free
initiator” method. The layer thickness increased linearly with the PTFEMA molecular
weight. With the “adding excess deactivator” method, PTFEMA films of > 100nm thick
were obtained and the layer thickness strongly depended on the experimental conditions,

such as CuBr,/CuCl ratio, catalyst and monomer concentrations.

(2) The attached PTFEMA chains acted as macroinitiators for grafting a second
block of PMMA. The successful chain extension was confirmed by ellipsometric and
X-ray photoelectron spectroscopic studies as well as water contact angle measurement.

(3) A novel surface-attachable difunctional initiator, 11-(2,2-bis(2-bromo-
2-methyl propionyloxy methyl)propionyloxy)undecyltrichlorosilane, was synthesized and
evaluated for the ATRP grafting of PTFEMA. The initiator was highly effective in
increasing grafting density. The grafting densities were almost doubled compared to the

monofunctional initiator counterparts, from 0.48chains/nm? to 0.86chains/nm?.
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APPENDIX:

XPS survey scans at a takeoff angle of 90°: (a) self-assembled monofunctional initiator
layer on silicon wafer; (b) self-assembled difunctional initiator layer on silicon wafer, (c)
a 40.0-nm-thick PTFEMA layer, and (d) a P(1-TFEMA-b-MMA) layer with 15.4nm of
PTFEMA and 13.1nm of PMMA.
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CHAPTER 4
Grafting of Polyhedral Oligomeric Silsesquioxane (POSS)-

containing Polymer from Silicon Wafer by Surface-initiated ATRP

This chapter is organized based on the following published article: Chen RX, Feng W,

Zhu SP, Botton G, Ong, BS, Wu YL. Polymer 2006, 47, 1119-1123.

4.1 Abstract

A Polyhedral Oligomeric Silsesquioxane(POSS)-containing methacrylate
monomer, 3-(3,5,7,9,11,13,15-heptacyclopentyl-pentacyclo[9.5.1.1 391515718 ]-octa-
siloxane-1-yl) propyl methacrylate (POSS-MA), was directly grafted from flat silicon
wafers using surface-initiated atom transfer radical polymerization (ATRP). Two
methods were chosen to control the polymerization. By “adding free initiator” method,
a linear relationship between the thickness of the grafted poly(POSS-MA) layer and
monomer conversion was observed, indicating that the polymerization process was well
controlled. By “adding deactivator” method, the poly(POSS-MA) thickness increased
linearly with polymerization time for the whole stage of polymerization and more than

40nm of Poly(POSS-MA) layer were obtained. The experimental surface chemical
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compositions measured by X-ray photoelectron spectroscopy (XPS) agreed well with
their theoretical values. Water contact angle measurements revealed that the grafted
poly(POSS-MA) was very hydrophobic. The surface morphology of the grafted

polymer layer was studied by an atom force microscopy (AFM).

4.2 Introduction

Polyhedral oligomeric silsesquioxane (POSS) is a cage-like silsesquioxane with
an inner inorganic silicone (SiOj s)x framework and external organic substituents. With
an average diameter of 1-3nm, POSS particle is considered as the smallest possible
particle of silica! POSS particles with different organic substituents have been
successfully synthesized.>® These organic substituents can be either total hydrocarbons,
or various functional groups. These organic substituents make the particles compatible
with organic polymers and biologic systems, which open up a new way to incorporate

inorganic silica particles into organic polymer systems.

Recently, POSS monomers that contain polymerizable functional groups have
attracted a great attention for their potentials in preparing organic-inorganic hybrid

systems. POSS monomers can be either homopolymerized or copolymerized with other
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monomers to develop a novel class of hybrid polymers. Studies have shown that
POSS-containing polymers have excellent material properties, such as extremely high
thermal stability, good oxidation resistance, and enhanced mechanical strength.7'10 A
variety of polymerization techniques have been used to prepare different kind of hybrid
polymers. In 1995, Lichtenhan et al. synthesized a methacrylate functionalized POSS
(POSS-MA) monomer and (co)polymerized the monomer via conventional free radical
polymerization.'"! Mather and Haddad prepared a series of random copolymers of
norbornyl functionalized POSS with norbornene by ring-opening metathesis
polymerization (ROMP).12 Philips et al. used condensation polymerization to prepare
POSS-modified polyimide from POSS-containing dianiline.”> Pyun and Matyjazewski
synthesized POSS-MA polymers of low polydispersities (1.14) by atom transfer radical
polymerization (ATRP)."® They also synthesized linear and star block copolymers of

POSS-MA through a “macroinitiator” approach.'*!®

Although there are many reports on the preparation and properties of
POSS-containing polymers, most investigations were focused on “free” polymer systems.
To the best of our knowledge, no work has been done to study POSS-containing polymer
chains, which are covalently bonded to surfaces. In recent years, surface-initiated ATRP

is well recognized as a very convenient method to prepare well-defined polymer brushes
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from surfaces. A variety of (meth)acrylic and styrenic monomers have been
successfully grafted from various surfaces by surface-initiated ATRP, however, most of
these monomer have small side groups. There is no work about grafting of monomers
with rigid and bulky side groups, such as POSS monomers. In grafting polymer chains
from a confined surface via surface-initiated ATRP, the size and rigidity of monomer side
group have great effects on the grafting process. For example, the grafting density of
tethered polymer chains, a key parameter for surface-initiated ATRP, decreases with
increasing the size of monomer side group. Therefore, we made an effort to graft POSS
monomers from various surfaces by surface-initiated ATRP and aimed to understand the

effect of POSS side group on the grafting.

In this work, we report the polymerization of an iso-butyl substituted POSS-MA
monomer from self-assembled monolayers (SAM) of ATRP initiators that are covalently
immobilized on the flat silicon wafers. The grafted poly(POSS-MA) films are
characterized by ellipsometry, X-ray photoelectron spectroscopy (APS), contact angle

measurement, and atom force microscopy (AFM).

4.3 Experimental

4.3.1 Materials
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3-(3,5,7,9,11,13,15-heptacyclopentyl-pentacyclo[9.5.1.1 39151517 Bl.octasiloxane
-1-yl) propyl methacrylate (POSS-MA) was purchased from Hybrid Plastics Company,
Fountain Valley, CA. Trichlorosilane (99%), 2-bromoisobutyryl bromide (98%),
10-unden-1-o0l (98%), 1,1,4,7,10,10-hexamethyltricthylenetetramine (HMTETA) (97%),
ethyl 2-bromoisobutyrate (EBIB) (98%), hydrogen hexachloroplatinate (IV) hydrate
(H,PtClg, 99.9%), CuCl (99.999%), CuBr; (99.999%) were purchased from Aldrich and
were used as received. Toluene and tetrahydrofuran (both HPLC grade) were
obtained from Caledon Laboratories Ltd. Toluene was distilled twice before use.
Double-sided polished silicon wafers (P-doped, (100)-oriented, 10-20Q-cm resistivity,
0.56mm thickness) were purchased from University Wafer Company (Boston, MA) and
cut into 5x5mm pieces using a Micro Ace Series 3 dicer (Loadpoint Ltd., England).
Deionized water with a resistivity of 18MQ-cm was prepared from a Millipore Milli-Q

filtration system. Ultra-high-purity-grade argon was used in this study.

4.3.2 Synthesis of initiator

The  surface-attachable initiator  11-(2-bromo-2-methyl)  propionyloxy
undecyltrichlorosilane was synthesized from 10-unden-1-ol according to the published

procedure.’® 'H NMR(CDCls, 200MHz) 8 4.16 (t, 2H, OCH,, J=8.8Hz), 1.90 (s, 6H,
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CBr-CHs3), 1.27-1.74(m, 20H, CH,CH,).

4.3.3 Preparation of initiator-functionalized silicon wafer

Si(100) wafers were first washed with the “piranha” solution (a mixture of
70vol% concentrated sulphuric acid and 30vol% of hydrogen peroxide) to remove the
organic residue. The wafers were rinsed with copious amount of deionized water, dried
in argon flow. After that, these wafers were immersed in HF solution to remove the
native oxide film and then placed into UV-Ozone cleaner for 30min to grow a uniform
oxide film. The clean wafers were placed in a crystallizing dish to that a solution of
initiator (1544) in dry toluene (15ml) was added. 2544 of triethylamine was also added.
The dish was covered and left at room temperature for 18h. The wafers was then rinsed

with toluene, acetone and methanol and dried in an argon stream.

4.3.4 ATRP of POSS-MA from initiator-functionalized silicon wafer

A representative ATRP grafting run with an added amount of free initiator is as
follows: Initiator-functionalized silicon wafers were placed into glass tubes separately.

These tubes, capped with rubber septum, were deoxygenated with argon for 10min.
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1.415g (1.50mmol) of POSS-MA and 9.9mg (0.10mmol) of CuCl were placed into a 10
ml flask that contains a magnetic stir bar. The flask was fitted with a rubber septum and
purged with argon. 3.00ml of toluene, and 55.3ul of HMTETA were added to the flask
via syringe (both were bubbled for 1h with argon before use). The mixture was stirred
and degassed with argon until a homogeneous brown solution was formed (about 10min).
The flask was kept at room temperature and 14.4ul (0.10mmol) of EBIB initiator was
added into the mixture via syringe. The reaction mixture was homogenized by intense
agitation and quickly transferred into the prepared glass tubes that contain
initiator-functionalized silicon wafers via a cannula. These tubes were placed into an oil
bath of 5000. After desired periods of time of polymerization, the tubes were sampled
and unsealed. The silicon wafers were taken out from solution, rinsed with THF,
cleaned ultrasonically for 2 hours in THF, rinsed again with THF and then dried in a

nitrogen stream.

For a representative ATRP grafting run with an added excess amount of
deactivator, 10mol% of CuBr, (to CuCl) was added at the beginning of the reaction
instead of free initiator EBiB.  All the other procedures are the same as those in the

added free initiator case.
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4.3.5 Ellipsometry

The polymer layer thickness on silicon wafers was determined by an Exacta 2000
ellipsometer (Waterloo Digital Electronics, Waterloo, ON, Canada) equipped with a
He-Ne laser (632.8nm) at a 70° incident angle. The optical constants (refractive index,
extinction coefficient) of Si (»=3.865, k£ =0.020) and SiO, (n =1.465, k =0) were used to
determine the thickness of the SiO, layer of the freshly cleaned silicon surfaces. The
values of #=1.5000 and #=0 were used to calculate the thickness of the initiator-covered
silicon wafers and #=1.4000 and k=0 for the polymer-covered substrates. The data were

collected at three spots on each wafer sample.

4.3.6 X-ray photoelectron spectroscopy (XPS)

The surface composition of silicon wafers was determined using a Leybold Max
200 XPS with an aluminum anode non-monochromatic source. Survey scans
(0-1000eV) were performed to identify constitutive elements. These scans were
measured with a takeoff angle of 90°. Immediately prior to the measurement, the

samples were rinsed with 1,1,2-trichloro trifluoroethane to remove contaminants.
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4.3.7 Nuclear magnetic resonance (NMR)

The monomer conversion in ATRP grafting in the added free initiator case was

measured using a Bruker AC-P200 NMR spectrometer (200MHz) in d-chloroform:

x=1-(I5=6.14 cH2=cCcH3)T Is=5.57 (cH2=CCH3))/( 18=0.74~1.22 (CHCH3-isobuty1)/42).

4.3.8 Water contact angle measurement

Water contact angles were measured using a Ramé-Hart NRL goniometer
(Mountain Lakes, NJ). Silicon wafers were rinsed in methanol and dried in a nitrogen
stream immediately prior to the measurement. Advancing and receding contact angles

were measured using the sessile drop method.

4.3.9 Atom force microscopy (AFM)

AFM images were obtained using a NanoScope IIla Multimode atomic force
microscope (Digital Instruments, Inc.). The images were recorded with standard tips in
tapping mode at a scan rate of 1.0Hz. The root-mean-square (RMS) surface roughness

was calculated from the roughness profiles.
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4.4 Results and discussion

The procedure for preparing the poly(POSS-MA) films by surface-initiated ATRP
is shown in scheme 4.1. First, ATRP initiators were immobilized on silicon wafers by
the reaction of the initiator’s trichlorosilane moieties with the surface hydroxy groups.
The average thickness of the resulting initiator monolayer was 2.5nm, as measured by
ellipsometry at three different points on the surface. Figure 4.1(a) shows the XPS
survey spectrum of the initiator-functionalized silicon wafers with a take-off angle at 90°.
The successful immobilization of the bromoester initiators on the surface is verified by
the appearance of peaks for C(285eV), 015(533eV), Brig(71eV). The advancing and
receding water contact angles of the wafers were 78.2° and 67.4°, respectively. These
contact angles were much higher than the value of < 10° for the hydrophilic silicon

wafer.
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Scheme 4.1 Surface-initiated ATRP of POSS-MA.
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Figure 4.1 XPS survey scans at a takeoff angle of 90°: (a) self-assembled initiator layer

on silicon wafer; (b) a 33.0-nm-thick Poly(POSS-MA) layer.
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4.4.1 ATREP grafting of POSS-MA with added free initiator

For surface-initiated ATRP, the limited amount of initiator moieties on the surface
cannot generate enough deactivator species for ATRP system. In order to get better
control of surface-initiated ATRP, additional free initiator or deactivator need to be added
at the beginning of the reaction to assure the sufficient amount of deactivator species. In
this work, we tried both two approaches. In the added free initiator case, we run
polymerization at two different targeted degrees of polymerization (DP), one is 15 and the
other is 30. The monomer concentration and the molar ratio of
[EBIBJ/[CuCl)/[HMTETA] remained unchanged while the concentration of EBIB was
varied to achieve different DPs. Figure 4.2(a) shows the development of
poly(POSS-MA) thickness as a function of reaction time. The thickness kept on
increasing with prolonged reaction time for both DPs. At the same reaction time, higher
DP gave higher thickness. Figure 4.2(b) shows the grafted poly(POSS-MA) thickness
versus monomer conversion. For both DPs, a linear relationship between thickness and
monomer conversion was observed, which suggested that the polymerization was well
controlled with added free initiator. However, by the adding free initiator method, most
of the monomer was consumed by the free initiator in solution, which limited the amount

of polymer grafted from the surface. As seen in Figure 2(b), only 5nm of
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poly(POSS-MA) layer was achieved at monomer conversion of 80% for DP=30. We
can use the formula I" = dp/M,"" to estimate the grafting density of poly(POSS-MA). d
is the thickness of grafted polymer layer, p is the bulk density of poly(POSS-MA)
(1.000g/cm®). M, is the number average molecular weight of polymer grafted from the
surface and molecular weight of “free” polymer in solution was always used instead for
the difficulty to get the exact molecular weight of grafted polymer. Accurate molecular
weight of poly(POSS-MA) cannot be achieved by SEC for the hydrodynamic differences
between poly(POSS-MA) with bulky POSS side groups and linear PS standards, " 50 we
used theoretical molecular weight calculated from the monomer conversion as M,. The
grafting density calculated was 0.18chains/nm” for DP=15 and 0.15chains/nm” for DP=30.
The low grafting density should be attributed to the large size of POSS side groups, which

exerted a steric hindrance effect on the grafting polymerization.
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Figure 4.2 Poly(POSS-MA) thickness versus (a) polymerization time and (b) monomer

conversion with added free initiator. (1) [POSS-MA]/[CuCl)/[EBIB}/[HMTETA] =
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15/1/1/2, (2) [POSS-MA]/[CuCl)/[EBIB/[HMTETA] = 30/1/1/2. [POSS-MA] = 0.50M.

Solvent: Toluene.

4.4.2 ATRP grafting of POSS-MA with added deactivator

As mentioned above, the approach of adding free initiator cannot give thick
poly(POSS-MA) films. In order to overcome this drawback, the approach of adding
deactivator was used. Figure 4.3 shows the development of the polymer layer thickness
at different monomer concentrations. For both monomer concentrations, the thickness
of grafted poly(POSS-MA) layer increased linearly with the reaction time, demonstrating
good control of the grafting process with added deactivator. For many surface-initiated
ATRP cases, the polymer thickness increase rate will be reduced at the later stage due to
loss of active chains ends by termination. However, there seems to be almost no
termination for the grafting of POSS-MA. There are a lot of POSS side groups on the
poly(POSS-MA) chains, and these bulky, rigid POSS side groups can keep the
poly(POSS-MA) chains away from each other, which will effectively prevents the
occurrence of termination. For a given polymerization time, the poly(POSS-MA)
thickness increased with increasing monomer concentration. For [POSS-MA]=1.0M,

more than 40nm of poly(POSS-MA) layer was achieved after 7 hours of polymerization,
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demonstrating the effectiveness of adding deactivator approach in preparing thick

poly(POSS-MA) layers.

50
45 - b
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0 T T i
0 2 4 6 8

Time(h)
Figure 4.3 Poly(POSS-MA) thickness versus polymerization time for different
monomer concentrations with added excess deactivator. (a) [POSS-MA] = 0.50M and (b)
[POSS-MA] = 1.0M. [POSS-MA}/[CuCl)/[CuBr,]/[HMTETA] =50/1/0.1/2.2. Solvent:

Toluene.

XPS was again used to study the surface chemical composition of the grafted
poly(POSS-MA) film. Figure 4.1(b) shows the survey spectrum of silicon wafer with

33nm of poly(POSS-MA) layer. The successful grafting of the poly(POSS-MA) is
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confirmed by the high intensity of Siy, at BE of 102¢V. The ratio of various elemental
species is Si/C/O=15.6/62.3/22.1, which is very near the chemical composition of the
POSS-MA monomer (Si/C/0=14.0/61.4/24.6). There still remains a small peak of Brsq
signal on the spectrum, which is in agreement with the fact that the growth of the
poly(POSS-MA) chain from the surface is a surface-initiated polymerization process with
a living characteristic. Water contact angles of the sample were also checked. The
advancing water contact angle of the polymer is 101.1°, demonstrating the high
hydrophobicity of poly(POSS-MA). The receding water contact angle of the polymer is
93.4°, only 7.7 degree lower than the advancing water contact angle, which indicates that

the polymer film is pretty smooth.

The surface morphology of the silicon wafers with grafted poly(POSS-MA) was
studied by AFM. Figure 4.4 shows the respective AFM image of the silicon wafer with
42nm of poly(POSS-MA), the surface roughness was a little high(~2.10nm). However,
compared with the large size of POSS (average diameter of 1-3nm), this roughness is still

acceptable.
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Figure 4.4 AFM image of silicon wafer covered with 42.0nm of poly(POSS-MA).

4.5 Conclusions

In summary, a POSS-containing polymer, poly(POSS-MA) was successfully
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grafted from flat silicon wafer by surface-initiated ATRP. Two approaches were used
and both of them provided well control of the ATRP grafting process. With the approach
of adding free initiator, poly(POSS-MA) thickness increased linearly with monomer
conversion. With the approach of adding deactivator, poly(POSS-MA) thickness
increased linearly with polymerization time and more than 40nm of poly(POSS-MA) was
achieved. The surface chemical composition studied by XPS was found to be in great
agreement with theoretical values. Both of Water contact angle measurements and AFM
studies found that the grafted poly(POSS-MA) film was pretty smooth. Thus, the
present study provided a simple and effective approach to prepare well-defined

POSS-containing polymer films from flat surfaces.
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CHAPTER 5
Grafting Acrylic Polymers from Flat Nickel and Copper Surfaces
by Surface-initiated ATRP

This chapter is organized based on the following published article: Chen RX,

Maclaughlin S, Zhu SP. Langmuir 2008, 24, 6889-6896.

5.1 Abstract

Acrylic  polymers, including poly(methyl methacrylate) (PMMA),
poly(2,2,2-trifluoroethyl  methacrylate) (PTFEMA), poly(N,N’-dimethyaminoethyl
methacrylate) (PDMAEMA) and poly(2-hydroxyethyl methacrylate) (PHEMA) were
grafted from flat nickel and copper surfaces through surface-initiated atom transfer
radical polymerization (ATRP). For the nickel system, there was a linear relationship
between polymer layer thickness and monomer conversion or molecular weight of “free”
polymers. The thickness of the polymer brush films was greater than 80nm after 6 hours
of reaction time. The grafting density was estimated to be 0.40chains/nm® The
“living” chain ends of grafted polymers were still active and initiated the growth of a

second block of polymer. Block copolymer brushes with different block sequences were
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successfully prepared. The experimental surface chemical compositions as measured by
X-ray photoelectron spectroscopy (XPS) agreed very well with their theoretical values.
Water contact angle measurements further confirmed the successful grafting of polymers
from nickel and copper surfaces. The surface morphologies of all samples were studied

by atomic force microscopy (AFM).

52 Introduction

The past decade has seen tremendous growth in the methods and applications of
various controlled radical polymerization (CRP) techniques including nitroxide-mediated
radical polymerization (NMP),! reversible addition-fragmentation chain transfer
polymerization (RAFT),> and atom transfer radical polymerization (ATRP).> Unlike
conventional radical polymerization these techniques can provide excellent control of the
molecular weight and molecular weight distribution (MWD). They also allow the
preparation of well-defined polymer structures such as block copolymers, star shape

polymers and interpenetrating polymer networks.

Among this group of CRP techniques, the transitional metal mediated ATRP has

received particular attention because of its compatibility with a range of monomer types,
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tolerance of various impurities, mild reaction conditions, and possible recycling and/or
reduction of used catalyst amount. An important application of ATRP is the grafting of
polymer brushes from the surfaces of flat substrates and colloidal particles. Specially
designed surface-attachable ATRP initiators, usually silane or thiol derivatives, are first
immobilized onto the surface, followed by in-situ ATRP. An important advantage of
this “grafting from” method compared to other polymerization grafting methods is the
ability to produce polymer brushes with high grafting density, ranging from 0.1 to
0.7chains/nm®. To date “grafted from” polymers have been prepared with a variety of
monomers, including styrene,’ methyl methacrylate (MMA),” and 2-hydroxyethyl
methacrylate (HEMA),® utilizing substrates with a range of chemical properties and
surface dispositions, including silicon wafers,*> silica and gold particles,"’8 polymer
ﬁlms,9 and carbon nanotubes. '’ Despite these successes, the characterization of “grafted

from” brush polymers still remains a challenge.

Although there are many different materials that have been successfully used as
substrates for surface-initiated ATRP, some of the most common and important materials
in our everyday life, metals and alloys, have been largely overlooked by researchers.
Unlike other kinds of materials, the surfaces of metals are active in electrochemical and

acid/base reactions and this reactivity complicates ATRP reactions. Red-ox deactivation
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of the ATRP catalyst is a particular risk. Jérdme’s group was the first to successfully
apply surface-initiated ATRP to metal surfaces in 2003." The inimer
2-chloropropionate ethyl acrylate (cPEA) was electro-grafted to steel surfaces to form a
dense layer of ATRP macroinitiators; polystyrene was then grafted from the activated
chloride side groups. Copper catalysts, the usual first choice for ATRP reactions,
reacted electrochemically to corrode the steel surface, necessitating the use of Grubbs
catalyst and a nickel complex catalyst as alternatives. The grafting was successful but
these catalysts exhibited poor control over the polymerization and the polystyrene graft

was found to have high polydispersity.

Using this “macroinitiator” method, many different monomers were grafted from
steel  surfaces,'? including  2-(fert-butylamino)-ethyl methacrylate (TBAEMA),
monomethyl ether of poly(ethylene oxide) methacrylate (PEOMA) and acrylic acid.
More recently,'”” Fan et al. prepared antifouling polymer coatings via ATRP of
oligo(ethylene glycol) monomethacrylate (OEGMA) from a novel biomimetic
catechol-containing ATRP initiator anchored on titanium and 316L stainless steel
surfaces. By combining this technique with molecular assembly patterning by lift-off
(MAPL), they also succeeded in preparing micro-patterned polymer coatings on Ti

surfaces for potential use as cell arrays.
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To date most examples of surface-initiated ATRP on common metals have
employed steel, stainless steel and titanium. Other metals in wide use, such as nickel,
copper, aluminium and zinc, have not been explored but have chemical and physical
properties that make them attractive materials for manufacturing. Nickel has good
corrosion resistance to various reducing chemicals, especially to alkalis. For this reason,
nickel is widely used in reaction vessels for the processing of foods and manufacture of
synthetic fibres. The ability of copper to inhibit the growth of bacteria, virus and fungi
motivates its use in the fabrication of water pipes and doorknobs. Both metals have
excellent electrical and thermal conductivities. As the most efficient conductor of
electricity and heat among non-precious metals, copper might be the most extensively
used material in electric and electronic devices. Both nickel and copper are important
components of many important alloys such as brass (copper and zinc), cupronickel
(copper and nickel) in addition to superalloys. Despite of all these important
applications of nickel and copper, no work has been reported on direct grafting of

polymers from these two metals.

One of the primary advantages of grafted brush polymers over conventional

polymer coatings is in the nature of the interface. Polymer coatings using conventional
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methods normally adhere to metal surfaces through Van de Waals forces or other weak
interactions and are prone to delamination under physical or chemical stresses. In
contrast, polymers grafted to a metal by surface-initiated ATRP are covalently bonded to
the metal surface and may demonstrate much more stable adhesion. Other than offering
stable adhesion, the grafting of brush polymers also provides a simple and effective route
for tuning metal surface properties. By grafting polymers with different functionalities,
the modified metals become feasible for applications in different areas. For example, by
grafting PEG-type or phosphorylcholine-type polymers, the non-specific protein
absorptions on metal surfaces can be well prohibited, which is very useful for improving
the biocompatibility of metal-made bioimplants.  Fluoropolymers have lots of
interesting properties, such as high thermal, chemical and photochemical stability, low
refractive index and low surface energy. The grafting of fluoropolymers makes metal
surfaces become “self-cleaning” due to the polymer’s excellent water or oil repellent
properties. The high stability of fluoropolymers in all environments can also provide

excellent protections to metals from chemical corrosions and photo degradations.

In this work, we report the first examples of surface-initiated ATRP from flat
nickel and copper surfaces. The grafting polymerizations were well behaved and readily

controlled, and a diverse group of monomers were successfully grafted. The products
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were characterized by XPS, water contact angle measurements, and AFM.

53 Experimental

5.3.1 Materials

3-Aminopropyl triethoxysilane (99%), 2-bromoisobutyryl bromide (98%), ethyl
2-bromoisobutyrate (EBIB) (98%), 4,4’-dinonyl-2,2’-dipyridyl (dNnbpy) (97%),
2,2’-bipyridyl (bpy) (97%), CuCl (99.999%), CuBr, (99.999%), FeBr, (98%), FeBr;
(98%), triphenylphosphine (99%), triethylamine (>99%), toluene (anhydrous),
N,N-dimethylformamide (anhydrous), nickel foil (99.98%, 0.5mm), copper foil (99.98%,
0.5mm) were purchased from Aldrich and were used as received. Methyl methacrylate
(MMA) (99%), 2,2,2-trifluoroethyl methacrylate (TFEMA) (98%) N,N-dimethylamino-
ethyl methacrylate (DMAEMA) (98%), 2-hydroxyethyl methacrylate (HEMA) and
a,a,a-trifluorotoluene (anhydrous, +99%) were purchased from Aldrich and distilled over
CaH; under vacuum, then stored at -15°C before use. Methanol (HPLC), n-heptane
(HPLC), dichloromethane (Reagent), hexane (Reagent), acetone (Distilled Class), ethyl
acetate (Reagent), and tetrahydrofuran (HPLC) were obtained from Caledon Laboratories

Ltd. and used as received. Deionized (DI) water with a resistivity of 18MQ-cm was
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prepared from a Millipore Milli-Q filtration system. Ultra-high-purity-grade argon was

used in this study.

5.3.2 Metal surface pretreatments

Nickel and copper foils were cut into small coupons (8mm x 8mm) and polished
on one side using a Striiers RotoPol-31/ RotoForce-4/ Multidoser automatic polisher to
give a mirror-like appearance. The polishing sequence for nickel used 320grit silicon
carbide paper, 1200grit silicon carbide paper, 9um diamond suspension, 3uym diamond
suspension, and finally 50nm silica powder suspension. The sequence for copper used
320grit silicon carbide paper, 1200grit silicon carbide paper, 1um diamond suspension,
and finally 50nm alumina powder suspension. The polished coupons were immediately

placed under distilled acetone for storage until use.

5.3.3 Immobilization of initiators

The surface-attachable initiator was synthesized following the published
procedure.'*  One part by volume of initiator was added to ten parts by volume methanol

(HPLC grade) and dispersed by stirring for 2min, followed by addition of 89 parts by
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volume DI water. The mixture was stirred at 40°C until the cloudy solution turned
transparent (about one hour). Transparency was equated with hydrolysis to form the
water soluble trihydroxy derivative. The transparent solution was then cooled to room
temperature. During the hydrolysis process, the polished copper and nickel coupons
were prepared by ultrasonic cleaning in n-heptane (5min), acetone (Smin, twice), ethanol
(5min) and methanol (5min). The well-cleaned metal coupons were then immersed into
the initiator solution for 2min. The coupons were taken out from the initiator solution
and bathed several times ultrasonically in 100ml of methanol (30min, three times),

followed by 10min of curing at 75°C in a vacuum oven.

5.3.4 ATRP of polymers from initiator-functionalized metal coupons

ATRP polymerizations were controlled by either “added free initiator” or “added
deactivator” approach. The typical procedure for ATRP of MMA from nickel surfaces
with the added “free” initiators is as follows: Initiator-functionalized nickel coupons
were placed into glass tubes separately. 64.7mg (0.300mmol) of FeBr, and 236.0mg
(0.9000mmol) of triphenylphosphine were placed into a 25ml flask containing a magnetic
stir bar. The flask was deoxygenated through several evacuation/backfilling cycles of

argon. 9.0g (90mmol) of degassed MMA was then added via syringe. The mixture
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was stirred and degassed with argon until a homogeneous brown solution formed (about
10min). The flask was kept at room temperature and 43.3ul (0.300mmol) of EBIB
initiator was added into the mixture via syringe. The mixture was stirred and degassed
with argon for another 5min, and then transferred via a cannula into the glass tubes
containing nickel coupons. These glass tubes were placed in an oil bath of 60°C. After
the desired reaction time, the tubes were unsealed and sampled. The nickel coupons
were ultrasonically rinsed with dichloromethane (30min), THF (30min) and then dried in

an argon stream.

A typical ATRP of MMA from nickel surfaces using the “added deactivator”
approach is as follows. Initiator-functionalized nickel coupons were placed into glass
tubes separately. 64.7mg (0.300mmol) of FeBr,, 8.9mg (0.030mmol) of FeBr; and
259.6mg (0.9900mmol) of triphenylphosphine were placed into a 25ml flask containing a
magnetic stir bar. The flask was deoxygenated through several evacuation/backfilling
cycles of argon. 9.0g (90mmol) of degassed MMA were then added via syringe. The
mixture was stirred intensively, degassed with argon for another 10min, and then
transferred to the glass tubes containing initiator-functionalized nickel coupons via a
cannula. The glass tubes were kept in an oil bath of 60°C. Nickel coupons were taken

out from the glass tubes after the desired time periods and cleaned by the same procedure
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as in the added free initiator case (vide supra). Grafting polymerization of TFEMA was
performed at 90°C using a,0,0-trifluorotoluene as solvent. Polymerizations of HEMA

and DMAEMA were performed at 40°C in DMF.

The same experimental procedure was used for ATRP from copper surfaces. A
typical recipe for the grafting of PMMA was as follows: 4.0g (40mmol) of MMA, 4.0 g
of toluene, 19.8mg (0.200mmol) of CuCl, 4.9mg (0.020mmol) of CuBr, and 176.4mg
(0.440mmol) of dNnbpy. Grafting polymerization of TFEMA was performed at 90°C
using a,0,a-trifluorotoluene as solvent. For HEMA and DMAEMA polymerizations
were run at 40°C using bpy as ligand in a solvent mixture of methanol and DI water (1/1

by vol).

5.3.5 Characterization

The surface chemical compositions were determined using a Leybold Max 200
XPS with magnesium or aluminum anode non-monochromatic sources. Survey scans
(0-1000eV) were performed to identify constitutive elements. These scans were
measured with a takeoff angle of 90°. Immediately prior to the measurement, the

samples were rinsed with 1,1,2-trichlorotrifluoroethane to remove contaminants. Water
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contact angles were measured using a Ramé-Hart Model 200 goniometer with Dropimage
standard software (Mountain Lakes, NJ). Metal coupons were rinsed in methanol and
dried in a nitrogen stream immediately prior to the measurement. Advancing and

receding contact angles were measured using the sessile drop method.

The monomer conversion was measured using a Bruker AC-P200 neutron
magnetic resonance (NMR) spectrometer (200MHz) in d-chloroform. The molecular
weights of PMMA were determined by gel permeation chromatography (GPC). A
Waters 710 sample autoinjector, 3 linear columns in series (Waters Styragel HR 5E, 2
Shodex KF-804L), a Waters 600 pump system and a 410 refractive index (RI) detector
were used for the assays. The eluent (THF) was pumped through the system at a fixed
flow rate of Iml/min. The columns and detector were heated to 30°C and 35°C,
respectively. Narrow polystyrene samples were used as standards to generate the
calibration curve. Data were recorded and manipulated using the Waters Millennium
software package. The thicknesses of polymer layers on nickel coupons were
determined by an Exacta 2000 ellipsometer (Waterloo Digital Electronics, Waterloo, ON,
Canada) equipped with a He-Ne laser (632.8nm) at a 70° incident angle. The optical
constants (refractive index, extinction coefficient) used were: Ni (n=2.500, £=3.750) NiO

(»=1.900, £=0.500), PMMA (n=1.489, k=0), PTFEMA (n=1.437, k=0), PTFEMA
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(n=1.450, ki=0), PHEMA (n=1.512, k=0). The data were collected at three separate spots

on each sample.

AFM images were obtained using a NanoScope Illa Multimode atomic force
microscope (Digital Instruments, Inc). The images were recorded in tapping mode at
ambient conditions using silicon carbide tips. The scan rate is 1.0Hz. The roughness
analysis on the two dimensional topography image was based on a calculation of the

standard deviation of all height values with the given imaged area (root-mean-square

(rms)).

5.4 Results and discussion

5.4.1 Construction of initiator layers on metal surfaces.

Mono- or tri-chlorosilanes, which are commonly used for surface-initiated ATRP
because they can be easily attached to hydroxylated surfaces, were not used in this study
because of the potential for corrosion of the reactive metal surfaces. Trimethoxysilanes
and triethoxysilanes have been widely adopted to prepare corrosion-inhibitive coatings on

15,16

various kinds of metal surfaces and do not present a risk of corrosion damage of
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reactive metal surfaces. Moreover, trialkoxysilane-containing ATRP initiators have
already been proven effective for surface-initiated ATRP from other types of substrates. 17,
18 Inspired by these advantages, we used a triethoxysilane-containing initiator in this
work. The accepted sequence of reactions in the attachment of these materials to metal
surfaces is as follows. The Si-(OC,Hs); groups were first hydrolyzed to Si-(OH);
groups in a mixture of methanol and DI water. Immersing metal coupons in the
hydrolyzed initiator solution led to the immediate formation of hydrogen bonds between
the Si-(OH); groups and hydroxy! groups on the metal surface. Curing at 75 °C resulted
in condensation to produce very dense initiator layers covalently bonded to the metal
surface by direct metal-O-Si bonds. The thickness of the monolayer was 2.8 + 0.3 nm
measured by ellipsometry, which was very close to the reported thickness for OTS

(Octadecyltrichlorosilane) monolayers (2.2nm)."””  For each sample, the deviation of the

thicknesses at three different spots was not larger than 0.3nm.

XPS was employed to determine the surface chemical compositions [see Figure
5.1 (a), Figure 5.5(a), Table 5.1 and Table 5.2). The characteristic Bryq peaks were
found at BE of ~70eV, indicating the successful immobilization of initiator species on
both metal surfaces. Compared to the atomic percentages of the elements in the free

silane, the intensities of the Brsq, Siy, and Ny, signals were low while those of carbon and
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oxygen signals much higher than expected. This is consistent with either a very thin
layer, a discontinuous layer, or some combination of the two. XPS results on the grafted
polymer layers, together with contact angle measurements and estimated graft densities

(vide infra) are consistent with the formation of a thin but continuous initiator film.

Water contact angle measurement is also very useful tool to monitor changes in
surface properties (see Table 5.4, Table 5.5). As-polished metal surfaces were very
hydrophilic, presenting advancing and receding water contact angles of 36.4° and 23.5°
for nickel, 44.6° and 31.5° for copper, respectively. After the initiator immobilization,
both of advancing and receding angles increased markedly to 70.3° and 41.9° for nickel,
78.7° and 43.1° for copper, respectively, consistent with the presence of a coating of

hydrophobic bromoisobutyrate moieties on the surfaces.
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Figure 5.1 XPS survey scans of the nickel surfaces with various organic layers at a
takeoff angle of 90°: (a) self-assembled initiator, (b) PMMA; (c) PTFEMA; (d)
PDMAEMA; (e¢) PHEMA; (f) PMMA-b-PTFEMA; (g0 PMMA-b-PDMAEMA; (h)

PTFEMA-b-PMMA.
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5.4.2 Surface-initiated ATRP from Ni surfaces.

It is well known that in ATRP system a sufficient amount of deactivating species
(i.e., Cu(Il) ligand complex) is indispensable for the control of radical concentration and
then the minimization of the undesirable termination reactions. Different from solution
ATRP, in which Cu(lIl) can be generated by the red-ox reaction between Cu(I) and “free”
initiators, the small number of initiator moieties on surface in the surface-initiated ATRP
are not able to create enough Cu(Il) species to offer good control over the grafting
polymerization. To solve this problem, additional “free” initiators or deactivators are
often added to the surface-initiated ATRP system at the beginning of the reaction.
These added “free” initiators or deactivators help to obtain an adequate level of
deactivators in the system. The grafting polymerization can then be controlled. In this

study, both methods were employed for the ATRP initiated from the flat nickel surfaces.
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