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ABSTRACT

Over the past decade, the development of surface-initiated living polymerization
methods has brought a breakthrough to surface modification owing to their control ability.
Surface-initiated atom transfer radical polymerization (si-ATRP), as the most popular one,
has been widely employed to give novel polymer structures and functionalities to various
surfaces for the purposes of tailoring surface properties, introducing new functions, or
preparing so-called “smart surfaces”, which can respond to external stimuli such as
solvent type, pH, temperature, electric and magnetic fields etc. In this thesis, the
mechanistic study of the si-ATRP was first carried out through modeling to gain good
understanding of si-ATRP. Si-ATRP was then employed to prepare different types of

polymer brushes to produce “smart surfaces”.

The kinetic model was developed using the method of moment. Combined with
experimental data, a quantitative analysis was carried out for the si-ATRP mechanism.
All information of grafted polymer chains, including active chain concentration, radical
concentration, chain length, polydispersity, was illustrated. A new radical termination

mechanism, termed as migration-termination, was proposed for si-ATRP.

Si-ATRP was then employed to graft poly(oligo(ethylene glycol) methacrylate)

(POEGMA) block poly(methyl methacrylate) (PMMA) brushes on silicon wafer surfaces.
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Simple solvent treatment gave nanoscale patterns via the phase segregation of POEGMA
and PMMA segments. Various patterns including spherical aggregates, wormlike
aggregates, stripe patterns, perforated layers and complete overlayers, were obtained by
adjusting the upper block layer thickness. Furthermore, these nanopatterns had a unique
stimuli-responsive property, i.e., switching between different morphologies reversibly

after being treated with selective solvents.

POEGMA-block-poly(2-(methacryloyloxy)ethyl trimethylammonium chloride)
(PMETAC) brushes, having two hydrophilic segments, were synthesized by si-ATRP
method. A variety of nanopatterns and their stimuli-responsive ability were observed.
The adsorption behaviors of fibrinogen on these patterns were thoroughly studied by

ellipsometry, water contact angel measurement, AFM and radio labelling method.

A novel thermo-responsive copolymer, poly(2-(2-methoxyethoxy)ethyl
methacrylate -co- oligo(ethylene glycol) methacrylate) (P(MEO,MA-co-OEGMA)), was
also grafted onto silicon wafers. Its thermo-responsive behavior and chain conformation
in aqueous solution were studied by neutron reflectometry (NR). Both extended and

collapsed brushes exhibited good protein adsorption resistance.
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Chapter 1

Introduction

1.1 Polymer brushes on surface
1.1.1 Surface modification techniques

Surface modification is a popular technique employed in a wide variety of fields
for various applications. When selecting a material for a specific application, the bulk
physical and/or chemical properties are very important. In many cases, however, the
surface properties of these bulk materials must be modified in order to meet certain
criteria. Vascular stents, for instance, are mainly made of metals due to the required
structural rigidity. Unfortunately, platelets in the blood can adhere to these metal surfaces
quickly, causing serious problems. In order to overcome this biocompatibility issue, these
surfaces are modified with biocompatible materials, e.g. poly (ethylene glycol) (PEG).!
The coating of these biocompatible materials does not affect the metal bulk properties,
but does improve the surface properties of the final heart stent products. As a result, rigid

metal mesh tubes with biocompatible surface can be obtained.

Among all materials used for surface modification, polymers are the most

prevalent.'” As early as in 1850, Michael Faraday demonstrated the use of gelatine to
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stabilize gold sols. He showed that gelatins on the surface of these gold particles
stabilized them in solution. His samples, displayed in the Royal Institute in London,
have remained stable for about 150 years.* Until recently, this technique was still widely
used to stabilize colloids. More recently there have been numerous natural and synthetic
polymers with varying properties available for surface modification. This allows for a
wide range of different surface properties to be achieved. Additionally, when compared
with metal or ceramic materials, polymers represent an economic choice. This is because

the processing of polymers is much simpler and generally occurs at a lower temperature.

Many techniques exist to modify surface properties with polymer materials.*®
Surface coating is the most extensively used because of its simplicity. In this method,
products are dipped into a polymer solution or melt to obtain a polymer coating. Other
methods, e.g. spraying, could also be employed. Coatings have a minimal effect on the
bulk properties of the coated materials, and multi-functionality can be obtained by
coating more than one layer. Unfortunately, this technique generally yields weak
adhesion to bulk materials, which can result in the polymer coating peeling off over time.
Furthermore, when the structure has a complex geometry, some coating methods may

result in uneven coating, and thus be inapplicable.

For surface modification where the bulk material is also polymeric, another

simple method, direct mixing, may be chosen. In this method some surface-active
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polymeric materials are added to the bulk material during processing. These
surface-active materials are expected to migrate towards the surface of the bulk material,
enriching these surfaces with specific properties. A major advantage of this method lies
in its simplicity and low-cost. However limitations do exist, with some surface-active
polymers remaining inside the bulk and affecting the bulk properties. The choice of
surface-active polymers is also limited. Furthermore, the necessity of miscibility between
bulk materials and surface-active polymers creates a very narrow operating window. If
these two components are very miscible, the surface-active polymer cannot migrate and
enrich the surfaces. However, if they are totally immiscible, the surface-active polymers

can be simply separated from the bulk materials.

One third method which has shown a great deal of promise is the so called
grafting method. Grafting refers to immobilizing a polymer coating on the surface of
the bulk material through covalent bonding.*® Some polymeric materials bear reactive
groups that can react with surface moieties of the bulk substrate. Although grafting is
more complex than physical coating, and thus carries a higher cost, chemical bonding
yields a much more stable polymer layer on the surface. As a result, this method is very
advantageous when durability and longevity are important, e.g. the surface modification

of artificial products for implanting into the body.
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1.1.2 Polymer brushes

In the grafting method, various polymer chain conformations can be obtained on
the surface.”'® When grafting density is low, polymer chains on the surface are separated
from each other. As a result, they are in what is known as the mushroom conformation, as

shown in Scheme 1-1.

Be D

Mushroom Transition stage Brushes

Scheme 1-1 Chain conformations of polymer chains grafted on the surface.

As grafting density increases, grafted polymer chains begin to interact with each
other, inducing a change in the conformation from a relaxed mushroom configuration to

stretched brushes, as shown in Scheme 1-1.

The transition from mushrooms to brushes is an important stage. It is believed that
the transformation occurs when overlapping layers of polymer create a barrier which
inhibits the chains from reaching the solid surface. The adjacent polymer chains then start
interfering with each other. Determining when this transformation begins is an interesting

and important question, as more and more research has shown that chain conformation is
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one of the most important factors in determining the performance of modified solid
surfaces. Storm ef al.'' have pointed out that grafted polymer chains in the transition
conformation between “mushroom” and “brush” are best for protein repulsion due to
their slightly constricted configuration and high grafting density which ensures that there

are no gaps between grafted polymer chains.

Among these three conformations, the brushes conformation has gained the most
interest in both theoretical and experimental work.*”'? This is because dense brushes
bring about the greatest change to surface properties. With regard to experimental studies,
a great variety of polymer brushes have been grafted onto various surfaces to obtain
desirable surface properties for applications in the fields of adhesion, biomaterials,
protective coatings, tribology, composites, microelectronics, thin-film fields, ato, W51
The effects of polymer type, degree of polymerization, grafting thickness, and initiator
density on surface properties are interesting topics which have been extensively

investigated.'®*’

Many theoretical studies have been carried out on grafted polymer chain
conformations, resulting in three basic models for polymer brushes: scaling theories,
analytical self-consistent-field (aSCF) models, and numerical models (nSCF).*'%%® These
models are all based on the thermodynamics of polymer brushes in their equilibrium

conformation. The grafted monomeric unit density distribution along a surface can be
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obtained from these models.

The kinetics of forming polymer brushes on a surface has also been modeled.
Most studies involve cases where an interface forms between two immiscible
polymers.”’>! If these two immiscible polymers have reactive chain ends a block
copolymer will be formed at the interface. When the concentration of this polymer

reaches a certain level, a brush conformation at the interface will result.

Hasegawa et al.*> employed a numerical scheme using dynamical mean field
theory to investigate grafting kinetics of end-functionalized polymers onto a solid surface

to determine the time evolution of density profile. Shull ****

employed a self-consistent
field theory and gave a detailed calculation of properties for end-adsorbed polymer chains
in the brush equilibrium. Fredrickson®>~° developed a new theory for diffusion-controlled
coupling of two end-functionalized homopolymers at the interface. Monte Carlo methods
were also employed for this kind of calculation.’”*' Studies of polymer brushes on
nanoparticles were also carried out. The curved surface of nanoparticles makes them
totally different from flat surfaces, as the nanoparticle radius is comparable to grafted

L 42

polymer layer thickness. This has also been examined by Ball ef a with an

aSCF-model and Wijmans et al.*’ with a nSCF-model.


http:calculation.37
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1.1.3 Grafting polymer brushes onto surfaces

A number of methods have been developed for grafting polymer brushes onto
different surfaces or interfaces. These methods can generally be classified into two types:
“grafting to” and “grafting from”.** In the “grafting to” method, polymer chains are
prepared by conventional polymerization methods in advance. They bear reactive
moieties at their chain ends which can react with reactive sites on a surface. Through this
method, polymer chains can be covalently attached to a surface. Although this method
allows for advance preparation and characterization of the polymer chains, it also has
some disadvantages. One of the main disadvantages of this method is that it yields very
low graft density. This is due to the fact that during the grafting process the chains need
to diffuse from the bulk to the surface in order to react. Unfortunately, chains which have
already been grafted can prevent subsequent chains from approaching the surface,
resulting in very low grafting density. However, considering the simplicity of the

“grafting to” method, it is still very popular for creating polymer brushes on a surface.

Many studies have been carried out on how to improve this grafting density. The
chain length of polymer has been shown to be one of the most important factors for the
“graft to” method.*’ A detailed study was carried out by Zdyrko et al.*® investigating
the influence of chain length on the grafted polymer layer. In their work, carboxylic acid

end-functionalized poly(ethylene oxide) (PEO) samples with different molecular weight
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of 2 700, 10 000, 22 600, 40 000, and 100 000 Da were grafted onto a surface having
poly(glycidyl methacrylate) as an ultrathin film anchoring layer. It was found that the
grafting density, surface coverage and grafting thickness all strongly depended on the
PEO chain length. A maximum grafting density of 2 chains/nm? was achieved with the
shortest chain length selected. With the increase of PEO chain length, the grafting density
decreased quickly to less than 0.1 chains/nm’. The grafting thickness also decreased with
increased chain length. The surface coverage initially increased when the number of EO
units were in the range of 61 to 227 and passed through a maximum of about 12 mg/m” at
n = 200~300. The surface coverage then decreased dramatically to ~6 mg/m” for a larger
n. The strong dependence of chain conformation on grafted PEO chain length suggests
that the chain length also has a strong effect on the modified surface properties. It is well
established that longer chain length leads to lower grafting density because of larger
polymer radius. Earlier grafted polymer chains with larger radii are more significant
obstacles on the surface. Furthermore, free polymer chains having larger radius are also
more difficult to diffuse through the grafted polymer layer. As a result, the saturation
state is reached at lower grafting density for longer polymer chain length. However, the
effect of chain length on surface coverage and overlapping degree is more complex and is
still not very clear. Knowledge about the effect of chain length on diffusion rate during

the grafting process is also lacking.
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The choice of solvent is another important factor determining chain conformation
on the surface as a result of the “graft to” method. A systematic study was carried out by
Huang et al.*” on the effect of solvent quality, expressed as x-parameter, for PEO chains
on the silica surface. A series of nonpolar organic solvents having different solvent
quality were investigated. The results showed that decreasing solvent quality led to
increased grafting density. The reason stated was that decreasing solvent quality
decreased the radii of polymer chains. Steric repulsion of grafted polymer layer
diminished leading to a lower energy barrier for grafting of later chains. As a result, a
higher grafting density was obtained with poor solvent. Based on this observation, the
authors suggested the use of poor solvent instead of good solvent to obtain a densely
grafted layer. Other factors like solvent temperature and pH have also been investigated.
These factors, however, are interrelated and often affect several aspects simultaneously
(Flory radius, diffusion property in solution etc.). As a result, their effects are still

obscured.

For the “grafting to” process, there are many interesting topics, e.g. polymer
reactions on the surface and polymer diffusion through polymer brushes. A picture of the
“grafting to” method is given as shown in Scheme 1-2. The grafting process can be

divided into three steps:

» Step I: Mass-center diffusion of polymer chains through boundary layer
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» Step II: Diffusion of polymer chains through grafted polymer layer on surface

» Step III: Surface reaction between polymer chains and surface active sites

Distance
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Scheme 1-2 Kinetic scheme of grafting polymer chains onto surface.

The free polymer chains in bulk solution must experience these steps before being
attached onto a solid surface through covalent bonding. These three steps are continuous,
so a rate-determining step may exist at different stages. Based on the conformation of the
grafted polymer chains on surface, the whole grafting process can be divided into three

stages:

» Stage I: Mushroom conformation stage
» Stage II: Transition stage between mushroom and brush

» Stage III: Brush conformation stage

In the previous kinetic studies, Stage I and Stage III were readily distinguished
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because the grafting rate decreases dramatically in Stage IIL** Research activities
reported in literatures are mainly focused on Stage III. Some research has also been
carried out on the transition stage because it determines the change of conformation from
mushroom to brush. In Penn’s research group, an auto-acceleration was observed in Stage

I and a “three stages of kinetics” was proposed.”’

In Stage I, grafted polymer chains in the mushroom conformation are separated
from each other such that former grafted polymer chains on the surface do not influence
grafting of later polymer chains. The grafting rate in Stage I is highest throughout the
whole process of grafting. The time needed to obtain high grafting density on a solid
surface is always long when this “grafting to” method is employed, but it only takes a
short time for Stage I to finish.**° As a result, Stage I seems the easiest step to
accomplish and it is simply viewed as a mass-center diffusion-control step.’””"?
However, in Stage I, there exist two steps for a free polymer chain to be grafted onto

surface. These are diffusion of chains to the surface and the surface reaction. Either of

these steps could be the rate-determining mechanism in Stage 1.

Stage II is an important stage because it determines the time when the chain
conformation changes from mushroom to brush. This transformation can be distinguished
by a detailed kinetic study of grafting process. Upon the completion of Stage I, the

influence of grafted polymer chains can be distinguished by modeling studies. In fact, the

11
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former chains on surface have a barrier effect before they overlap. No detailed kinetic
research about Stage I and this transition stage has been reported so far, to our best

knowledge.

Stage III determines the brush conformation in the ‘“grafting to” method. The
previously grafted chains on the surface form a brush barrier. Free polymer chains must
diffuse through the barrier and react with reactive sites on the surface to be grafted. With
the increase of grafting density, this grafted layer also becomes denser and denser until a
saturation state is reached. The grafting density is the maximum value that can be
obtained under this condition. The diffusion ability of free chains through grafted layer is
the determining factor for the final grafting density. The diffusion rate is always low and
it takes long time to reach the saturation state. Although this diffusion is very important,
its understanding is very lacking. This type of diffusion through brush layer differs from
typical diffusion in polymer solution. It is termed as inhomogeneous diffusion because of
its special character. When a free polymer chain diffuses into grafted polymer brushes
from solution, the grafted polymer chains stretch out further to create space for the
incoming chain. The incoming chain also stretches due to the crowding of grafted chains
on the surface. This process is more complex than a simple diffusion and it is always
studied with thermodynamic approaches with an emphasis on the influencing factors

which determine the final saturation state.
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In the “grafting from” method, however, this diffusion problem does not exist
because only small molecules, e.g. monomer and catalyst species, need to diffuse to the
surface. As shown in Scheme 1-3, polymer chains grow from initiators bound to surface
and a high grafting density can be achieved because of the absence of diffusion
limitations. As a result, this method is preferred to prepare polymer brushes from various
surfaces with high grafting density. However, the problem with “grafting from” is that it
is difficult to control the polymer chain growth from surface. The properties of final
grafted polymer chains, e.g. chain length and polydispersity, are very difficult to be
measured. In order to overcome these disadvantages, surface-initiated living

polymerization method has attracted great interest in this field.
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Scheme 1-3 The scheme of surface-initiated polymerization.
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1.2 Surface-initiated living radical polymerization

1.2.1 Background of controlled/living radical polymerization

Living polymerization technique is a powerful tool to prepare polymers with
controlled molecular weight and low polydispersity. The preparation of controlled
architecture, e.g. block copolymers, can only be achieved by a living polymerization
method. Living ionic method, which has been applied in industries, is well developed to
fulfill these tasks. The limitation of living ionic polymerization lies in its strict
requirement of reaction conditions. The ionic reaction centers are so active that they may
be terminated easily by solvent and impurities. As a result, the living ionic
polymerization is always bearing with high costs. Furthermore, because the ionic reaction
centers are sensitive to polar chemicals, the versatility of monomers, radicals and solvents

1s limited.

Free radical polymerization is the most popular method in the polymer industry
for vinyl monomers. Free radical centers are highly active, but less sensitive to impurities.
The radical polymerization can be carried out under mild conditions and in polar solvents.
They have been applied to a great variety of monomer types, e.g. methyl methacrylate,
styrene, ethylene, vinyl chloride, acrylamide, etc. As a result, the development of living

radical polymerization method is highly desirable. It enables living polymerization
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process under mild conditions.

The key to convert conventional radical polymerization to living process is to
control radical termination.”>* This can be done through the use of a reversible
activation-deactivation reaction. As shown in Scheme 1-4, the dormant species P-X is
activated to the reactive radical P°*. The radicals then react with monomers. Propagation
occurs until the radicals are deactivated by a certain kind of deactivator and become
dormant again. This reversible activation-deactivation process is very fast. Few monomer
molecules can be added to the growing chains during a single cycle. As a result, all
chains in the system grow simultaneously with the same probability during the whole
reaction, which accounts for the low polydispersity of molecular weight distribution. The

radical concentration remains at a very low level to minimize the termination.

k
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Scheme 1-4 The reversible activation-deactivation process in controlled/living radical

polymerization.

There are three capping techniques successfully developed to achieve living

radical polymerization: Stable free-radical polymerization (SFRP) using stable nitroxide
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radical as radical capping agent,” reversible addition-fragmentation chain transfer

56,57

(RAFT) polymerization using thiocarbonylthio, and atom transfer radical

polymerization (ATRP) employing halogen atom for the radical capping purpose.>

1.2.2 Stable free-radical polymerization (SFRP)

In the stable free-radical polymerization, a nitroxide radical, e.g.
2,2,6,6-tetramethyl-1-piperidinoxyl (TEMPO), is employed to cap the active radicals.
Initiators commonly used in conversional free radical polymerization such as peroxides
and azo compounds can be employed in SFRP. During the polymerization, the radicals
are reversibly capped and released by the nitroxide radicals. The radical concentration in
the system is therefore minimized to suppress the radical termination. SFRP is one of the
earliest developed living radical polymerization methods. However, it can only be

applied to a limited number of monomer types, mainly styrenics.

Scheme 1-5 The mechanism of stable free-radical polymerization.

16
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1.2.3 Reversible addition-fragmentation transfer (RAFT)

RAFT polymerization with dithio compounds was discovered by Rizzardo et al.”'
A reversible addition-fragmentation chain transfer (Scheme 1-6) process sets up the

activation and deactivation mechanism required by living polymerization.
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Scheme 1-6 The mechanism of reversible addition-fragmentation chain transfer

polymerization.
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Iy is the regular initiator used in conventional free radical polymerizations. The
addition of radical P, to dormant chain 7P, forms intermediate radicals. The adduct
radicals are not stable and fragmentation happens that releases either P, or P;. This
reversible addition-fragmentation transfer process is viewed as a degenerative chain
transfer process as shown in Scheme 1-7, where ki is the rate constant of the exchange
reaction. A high chain transfer coefficient is the key factor for a successful RAFT

polymerization.

e X

Scheme 1-7 The mechanism of degenerative chain transfer.

Numerous investigations have been done on the RAFT transfer rate and the effect
of transfer coefficient on polydispersity. The effect of substituent of various RAFT agents
on their transfer coefficient were investigated in great details.®>® The use of highly
reactive thiocarbonylthio RAFT agents having high chain transfer rate for these systems
makes it possible to obtain polymers with narrow molecular weight distribution (MWD).
Cumyl dithiobenzoate, cyanoisopropyl dithiobenzoate, methoxycarbonylphenylmethyl
dithiobenzoate, and a-cyanobenzyl dithiobenzoate are four examples among the most
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popular RAFT agents.” The advantages of RAFT lie in its applicability to a wide range

of monomer types.
1.2.4 Atom transfer radical polymerization (ATRP)

The atom transfer radical polymerization (ATRP) is one of the most useful
discoveries in the field of living polymerization and it is among the most rapidly
developing areas of polymer science because of its tolerance to a wide range of functional
monomers and less stringent experimental conditions.>**"*> The mechanism is shown in

Scheme 1-8.
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Scheme 1-8 The mechanism of atom transfer radical polymerization.

Alkyl halides are used as the initiator in ATRP. Transition-metal complexs with
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ligands, e.g. CuCl, CuBr, are used as catalyst. The catalyst converts dormant species to
radicals by taking away the halide group. The dormant species P-X is activated to the
reactive radical P°*. The radicals then react with monomers until the radicals are
deactivated by the deactivator species and become dormant again. The deactivation rate
is much faster than the activation rate, as a result, this reversible activation-deactivation
process is so fast that only few monomer molecules can be added to the chains during a
single cycle. All polymerization chains grow at the same time with the same opportunity
during the polymerization. This enables the achievement of final polymer products with
low polydispersity, normally at the level of 1.1~1.2. The radical concentration in the

polymerization system is minimized to decrease termination.

1.2.5 Surface-initiated living polymerization

It was expected that applying the above living polymerization methods to
surface-initiated polymerization would allow for excellent control over chain growth
from surface. Recently, many studies have employed various living polymerization
techniques to grow polymer chains from various surfaces.'> Among them, RAFT and
ATRP have obtained greatest interest, as SFRP are mainly limited to styrenics. However,
RAFT and ATRP have tolerance to a wide range of functional monomers and require less

stringent experimental conditions.>**"?
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When using RAFT for surface-initiated polymerizations, there are three strategies
which can be employed. These three strategies exist due to the fact that in
surface-initiated RAFT, one can begin with grafting either the initiator, the RAFT agent
at the anchoring group (Z) or the RAFT agent at the leaving group (R). When the R group
is grafted to surface, the RAFT agent can be attacked by radicals in solution and leaves
the surface. A radical on the surface is then generated and a chain starts to grow from the
surface. In a very short period of time, it is deactivated by another RAFT agent in
solution. During the polymerization, the RAFT moieties are always at polymer chain
ends on the surface. However, when the RAFT agent is grafted to the surface by the Z
group, it stays on the surface and remains at the bottom. Polymer radicals in solution
need to diffuse through the grafted polymer layer to reach the RAFT moieties. For this

reason, it can also be viewed as a mixture of “grafting from” and “grafting to”” method.

In the surface-initiated RAFT research, grafting the initiator and grafting the
RAFT agent at the R group are the two most popular methods of polymerization.
Synthesis of an effective RAFT agent is one of the most challenging aspects of this

research. A couple of surface modification steps are needed to graft a RAFT agent to

L 63

surface. Li ef al.”” synthesized a RAFT agent which can be directly grafted onto surface

by the R group. Grafting a RAFT agent to a surface by the Z group was first

l. 64

accomplished by Perrier et al.”" in 2005 and was then studied by other research
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groups.®> %’ However, many steps of surface modification were involved. So far no RAFT
agents which can be directly grafted onto surface by Z group without surface

modification have been reported.

There are many disadvantages to the use of RAFT for surface modification,
however. The most challenging, as was mentioned above, is the difficulty of preparing a
RAFT initiator. Also, the slower decomposition rate of the RAFT initiators on the surface
will lead to lower grafting density, as the initiators on the surface will be buried quickly
by the growing polymer chains. Finally, at the end of grafting by RAFT method a layer of
RAFT agents remain at the surface. These RAFT agents may significantly alter the

surface properties.

Surface-initiated ATRP, on the other hand, has become the most widely used
method for the “graft from” method. In this case, the ATRP initiator is grafted onto the
surface. In solution, conventional solution ATRP occurs when free initiators are added to
the solution. The solution polymerization is a typical ATRP process including activation,
deactivation, propagation, termination and chain transfer. Although the density of
initiator on the surface can be high, the total amount is extremely low. It does not
influence reactions in the solution. The activation, deactivation, propagation and chain
transfer are reactions between polymer chains on the surface and small molecules in the
solution (i.e. monomer, catalyst, and deactivator). All polymer chains grow
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simultaneously. Although one end of polymer chain is attached to the surface, the free
end stretches out into the solution. It is assumed that the other attached end has no effect
on it. The small molecules are diffusing around free polymer chain ends as in solution
polymerization. As a result, these reactions are the same as those happening in the
solution. Many studies have shown that the grafted chain lengths are similar to those

formed in the solution,zo’zs’68

suggesting that the grafted chains on surface experience
similar reactions as the free chains in solution. A great variety of monomer types have
been successfully grafted from various surfaces to obtain desirable surface properties.

The effects of polymer type, degree of polymerization, grafting thickness, and initiator

density on surface properties have been extensively investigated.

1.3 Stimuli-responsive surfaces

1.3.1 Stimuli-responsive surfaces

Stimuli-responsive surfaces, so-called “smart surfaces”, refer to surfaces which
can change their properties (e.g. hydrophilicity, biological activity, protein
adsorption/repulsion, cell adhesion, migration, etc.) in response to small changes in the
external environment such as solvent type, pH, temperature, electric and magnetic fields,
etc.”’°. The stimuli-responsive ability is achieved by the materials grafted onto the

surface. These smart materials are mainly self-assembled monolayers (SAMs) or polymer
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brushes. SAM is a layer forming spontaneously from surfactants on surface.”"””* Their
properties can be easily controlled. Special functionalities are introduced by choosing
different surfactants. Most smart surfaces, however, are prepared by grafting polymer

brushes onto surfaces.””””

In biotechnology and medicine fields, there have been great interests in these
smart surfaces because of their potential applications to develop novel advanced medical
devices.”’ A lot of progress has been seen recently making full use of these smart surfaces
in the areas of bioseparation, drug delivery, gene therapy and implants. On the other hand,
these surfaces have ability to convert biological events to measurable electronic or
opto-electronic signals. They can be thus employed to produce biosensors for bioanalysis,

clinical diagnosis and environmental monitoring etc.

1.3.2 Stimuli-responsive block copolymer brushes on surfaces

Grafting polymer brushes with different chemical compositions is one of the
strategies to achieve stimuli-responsive properties.”””’® The difference in properties
between two blocks can bring notable variation of surface properties by external stimuli.
So far, there are two methods developed to achieve polymer brushes on the surface with
more than one composition: mixed polymer brushes or block polymer brushes. The

results showed that their stimuli-responsive behaviors are similar.
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To obtain mixed polymer brushes on surface by the “grafting from” method, two
types of initiators or one type of slowly decomposing initiator must be grafted onto the
surface. The polymer chains thus grow from the surface in-situ to form two types of
polymer chains. However, the synthesis is difficult, especially when the uniform
distribution of two different types of polymers is desired. The properties of these
polymers often differ a lot in order to achieve notable surface property variations. As a
result, when the first layer of polymer brushes has formed on the surface, it becomes
challenging for the later growing of the second type of polymer chains. Furthermore,
phase segregation can occur during the preparation process, which decreases the quality

of the final surface.

Block copolymer brushes can be precisely controlled in terms of chemical
composition on the surface. The first synthesis of block copolymer brushes on a surface
by surface-initiated living polymerization was in 1999. Zhao et al.” prepared polystyrene
(PS) -block- poly(methyl methacrylate) (PMMA) brushes on silicate substrates by
sequential carbocationic polymerization of styrene and ATRP of MMA. In the following
years, other living polymerization methods have also been applied to prepare block

copolymer brushes on various surfaces.'

The stimuli-responsive capacity of block copolymer brushes on surface was

thoroughly investigated by theoretical methods first, rather than experiments. With both
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SCF and scaling methods, Zhulina ez al.*

predicted the structures of block copolymer
brushes on surface at exposure to different solvents. As shown in Scheme 1-9, the
conformation of copolymer brushes may differ at different environments. The surface
properties change as a result according to the external stimuli. The formation of certain
structure is determined by many factors including polymer chain length, grafting density,
relative block chain length, composition of the blocks, and the surrounding environment.

The possible brush structures, mechanism of phase reconstruction, and influencing

factors were all studied in the following years.”
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Scheme 1-9 The structures of amphiphilic block copolymer brushes on the surface

under different environments.

In 1999 study, Zhao et al.”’ experimentally verified the above theoretical
prediction of phase reconstruction for block copolymer brushes on surface for the first
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time. They synthesized PS-b-PMMA on silicate substrates and demonstrated the phase
reconstruction by treating samples in different solvents. In the following years, the
stimuli-responsive capacity of the block copolymer brushes grafted on the surface were
thoroughly investigated by contact angle method, X-ray photoelectron spectroscopy
(XPS), ellipsometry.””*'** Various conformations of polymer brushes on the surface
were observed by atomic force microscopy (AFM). Block copolymer brushes with
different chemical compositions were synthesized to study the solvent induced
reconstruction. Specific research on certain influencing factors predicted by the
theoretical methods has also been carried out. For example, Xu et al.®’ investigated the
effect of relative block lengths on surface response to solvents. They found that there
existed three responsive regions according to relative block length: responsive region,

partial-responsive region and non-responsive region.

In the following studies, another phenomenon, nanoscale patterns, was observed
on the surface grafted with these block copolymer brushes. These nanopatterns were
introduced from the phase segregation. The self-assembly of block copolymers is
well-known to give different patterns through phase segregation between different blocks.
The patterns forming in this way are in the size range of 10 to 100 nm.””"****! This phase
segregation of grafted block copolymer brushes on the surface was first observed by

Zhao et al. in 2000.”> Zhao and Brittain ez al.®' grafted PS-b-PMMA brushes onto the flat
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surfaces. With AFM method periodic nanopatterns in nanoscale were observed after the

treatment of selective solvents.

Lithography has been the most popular technique for the preparation of micro- or
nano structures. Various well-designed lithography techniques have been developed to
produce nanopatterns for different purposes. However, one major disadvantage of the
lithography method is its high cost and time consuming procedure. Electron-beam or
certain probe tips, e.g. dip-pens, must be employed when the desired feature size is less
than 100 nm.”"”” On the contrary, self-assembly is a much simpler solution to prepare
nanoscale pattern at lower costs. If the self-assembly of block copolymer brushes can also
be employed to prepare nanoscale patterns, it could be a powerful method for

nanopatterning.

When spin-casting of free block copolymers is employed to prepare nanopatterns
on surface, solubility or swelling of polymer films causes some problem.”’ In contrast,
graft polymer brushes are chemically grafted onto the surface, therefore stable
nanopatterns can be achieved. Furthermore, living polymerization methods can give
polymer brushes active chain ends. Further modifications can then introduce special
functions to the patterns.”>”* The unique property of these nanopatterns prepared by the
self-assembly of block copolymer brushes is their stimulus-responsive ability. For the
applications where only periodic nanopatterns are required, this method could be
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advantageous considering its low cost and ability to prepare large area patterns.

After the pioneering work of Zhao et al.’?, many studies have been carried out to
explore the ability of block copolymer brushes in preparing nanoscale patterns. Genzer
and Ruhe ef al. observed different morphologies including flat, micellar and bicontinuous
morphologies when they changed the length of each block.®* In addition, they used the
variation of topography to move the nanoscale objects on surfaces’™’ Choi et al.
prepared the block copolymer brushes on surface by the surface-initiated ring-opening
method.® Their results showed that solvent treatments also affect the formation of
nanopatterns. In order to achieve more uniform patterns through this method, Bruening
and Baker et al. prepared amphiphilic triblock copolymer brushes. More uniform domain
sizes were obtained in their studies.*® In 2008, Shi et al. proved that the self-assembly of
densely grafted block copolymer brushes could give different patterns including spherical
aggregate, wormlike and stripe efc. when the upper block thickness was varied.”® All
these studies showed that the self-assembly of block copolymer brushes is a novel

promising method to give nanoscale patterns.

1.3.3 Thermo-responsive PEG-based polymer brushes on surface

Thermo-responsive surfaces refer to surfaces that can respond to external

temperature variation. It is easy to regulate temperate as the stimulus. In addition, a
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moderate variation of temperature close to physiological temperature has little effect on
biosystems. As a result, thermo-responsive surfaces are one of the most important
stimuli-responsive surfaces. Many thermo-responsive surfaces have been developed in

the biological and medical fields.”*'*

Until recently, poly(N-isopropylacrylamide) (PNIPAM) and its copolymers’*’>'%*

were the most popular polymer materials used for thermo-responsive purposes. The
amide groups in PNIPAM have different hydrogen-bonding interactions with water at
different temperatures. When temperature is below its lower critical solution temperature
(LCST), 32°C, well-developed hydrogen bonds form between water and the amid groups,
causing the PNIPAM polymer brushes to be well-extended in water. However, when
temperature is increased to above 32°C, the hydrogen bonds are broken and the polymer
chains collapse on the surface. The surface properties change considerably with only
small temperature variation. Based on this property, PNIPAM has been used widely for

various thermo-responsive surface developments.

Poly(2-(2-methoxyethoxy)ethyl methacrylate -co- oligo(ethylene glycol)
methacrylate) (P(MEO,;MA-co-OEGMA)), as shown in Scheme 1-10, is a new class of
thermo-responsive materials which has generated a great of attention recently. The
oligo(ethylene glycol) component in this type of copolymers has different interactions

with water when temperature varies.'®*"% It has a LCST in the same way that PNIPAM
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does in water. When temperature is below the LCST, a well-developed hydration layer
forms around the oligo(ethylene glycol) groups. The polymer chains are thus very soluble.
However, when temperature is increased above LCST, the hydrogen bonds between the
polymer chains and water are disrupted. The polymer-polymer interactions are favored
over the polymer-water interactions. As a result, the phase transition happens and the
polymers precipitate out from water. This phase transition is a reversible process. The

LCST can be adjusted from 26 to 92°C by varying the monomer composition.

CH; Hs

Cc
I I
o fg-on

c—=0 c=o0

—+
Fi
o
CH, CH,
"y wr
¢ b
CH, CH

Scheme 1-10 The chemical structure of poly(2-(2-methoxyethoxy)ethyl methacrylate

-co- oligo(ethylene glycol) methacrylate).

The main advantage of employing P(MEO;MA-co-OEGMA) as the
thermo-responsive materials is that it is a PEG-based polymer. PEG-based materials have
been widely used as biocompatible materials because their ability to resist non-specific

protein and cell adsorption. They are also non-toxic and non-immunogenic. The
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thermo-responsive surfaces prepared from this type of PEG-based materials may yield

new products, which can be used inside the human body.

Until recently, studies on the thermo-responsive surfaces based on
P(MEO,MA-co-OEGMA) were limited. In 2007, Huck et al,'® for the first time,
verified  the  thermo-responsive  behavior = of  surfaces  grafted  with
P(MEO;MA-co-OEGMA). They grafted the copolymer onto flat surfaces using a
surface-initiated ATRP method. The thermo-responsive collapse transition of polymer
brushes on the surface was observed. In 2008, Lutz et al.'® used these
thermo-responsive surfaces to control cell-adhesion. The cells had different morphologies

when the polymer brushes changed their conformations with the variation of temperature.

The conformation study of P(IMEO,MA-co-OEGMA) brushes on the surface is
limited to aqueous AFM work by Huck ef al.'®. The AFM can measure the thickness of
polymer layer in water directly. The collapse transition of polymer brushes at their LCST
was observed. However, the measurement of polymer brush thickness by an aqueous
AFM method is approximate, as polymer brushes in a good solvent are well-extended
into the solvent. The AFM tip penetrates into the polymer brushes, which further

complicates the measurement.

Although the main advantage claimed for these PEG-based materials is their
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biocompatibility, the protein repulsion ability of the surfaces modified by this new type
of PEG-based brushes has not been studied so far, to our best knowledge.
HomoPOEGMA has proven to be good materials for protein resistance, but popular
candidates employed for various applications have at least 4.5 repeat EO units, 112
These new thermo-responsive copolymers, however, have around 90% POEGMA with
only two EO repeat units. As a result, the biocompatibility of these materials is still
unknown. In addition, no study about the protein resistance of these materials in the

collapsed state at temperature above LCST has been reported yet. If the collapsed

polymer brushes adsorb large amount of proteins at temperatures above LCST, their

applications could be limited.
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Chapter 2
Research Objectives, Thesis Outline, and Dissemination

of Results

2.1 Research objectives

Surface-initiated ATRP is a relatively new technique, which was invented about a
decade ago, but it has brought extraordinary development in surface modification areas.
A variety of novel polymer structures and functionalities have been introduced to
different surfaces with potential applications for various purposes. The objective of this
thesis was two-fold. The first objective was to elaborate the detailed surface-initiated
ATRP mechanism and develop a kinetic model based on the elaborated mechanism.
Combined with experimental results, a quantitative analysis was expected to be achieved
from simulation. A thorough understanding of the surface-initiated ATRP mechanism
was targeted, which can provide guidance for developing surface-initiated ATRP
technique for various applications. The second was to employ the surface-initiated ATRP
technique to graft different polymer brushes onto various surfaces with the purpose of
achieving “smart surfaces”, which can alter their properties (e.g., surface morphology,
hydrophilicity, biological activity, protein adsorption/repulsion, cell adhesion, migration,

etc.) in response to small changes in the external environment such as solvent type, pH,
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temperature, electric and magnetic fields, etc.

2.2 Thesis outline

This thesis consists of seven chapters and it adopts the “sandwich” style following
McMaster’s guideline for thesis writing. Chapter 1 and Chapter 2 give the introduction
and research objectives. Chapter 7 summarizes the contributions of the current work and
gives some recommendations for future work. Chapter 3-6 are based on four papers that

have been published or are in the final stage of preparation.

Chapter 3 was targeted at the mechanism study of the surface-initiated ATRP to
provide guidance for applying this technique. A kinetic model was developed using the
method of moment for surface-initiated ATRP. Combined with experimental data,
quantitative analysis was carried out. All the information of the grafted polymer chains
including active chain concentration, radical concentration, chain length, polydispersity
during the surface-initiated ATRP were given. Influencing factors were investigated.
Furthermore, a new radical termination mechanism, i.e., migration-termination, was

proposed for the surface-initiated living polymerization.

In Chapter 4, the surface-initiated ATRP was employed to graft POEGMA-b-
PMMA brushes on silicon wafer surfaces. AFM, ellipsometry and water contact angle

methods were employed to study their stimulus-response behaviors. Nanoscale patterns
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including spherical aggregates, wormlike aggregates, stripe patterns, perforated layers
and complete overlayers were observed after simple solvent treatments. The smallest
feature size was less than 10 nm and was tunable on the nanoscale. These patterns could
switch between the different morphologies reversibly after the treatment with selective

solvents.

In Chapter 5, POEGMA-b-PMETAC brushes were synthesized by the
surface-initiated ATRP method to introduce nanopatterns. These brushes consisted of two
hydrophilic segments to avoid hydrophobic segments because proteins could change their
conformations and lose their activity on a hydrophobic surface. The collapse of
polyelectrolyte in salt solution was employed to introduce phase segregation between
these two hydrophilic segments. A variety of nanopatterns and their stimuli-responsive
ability were observed. The adsorption behavior of fibrinogen on these patterns were

studied by ellipsometry, water contact angel measurement, AFM and radio label method.

In Chapter 6, the surface-initiated ATRP was employed to graft
thermo-responsive P(MEO;MA-co-OEGMA) brushes onto the silicon wafer surface.
This new class of thermo-responsive polymer surfaces, entirely constructed with
poly(ethylene glycol) methacrylate, may lead to products that can hopefully be
incorporated into various biomedical devices. Their thermo-responsive behaviors and

chain conformations in an aqueous solution were studied by NR method. The effects of
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temperature and salt concentration on the polymer conformation were evaluated. The
protein adsorption results demonstrated that this PEG-based thermo-responsive surface

has good protein adsorption resistance.

2.3 Dissimilation of the research work

Four articles are embodied in the current thesis (Chapter 3-6). Professor Shiping
Zhu, my thesis supervisor, provided the initial research ideas and the following guidance.
I designed and carried out the experimental and modeling work. Dr. Mu-Ping Nieh and
Dr. Norbert Kucerka performed the NR measurements. I prepared the first drafts of these
four papers and the responses to the comments from journal reviewers. I worked with
Professor Shiping Zhu on the subsequent revisions until they are accepted. The selected

journals are top ones in the category of polymer and colloid science.
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Chapter 3
Kinetic Modeling of Surface-initiated Atom Transfer

Radical Polymerization

This chapter is based on the following article in preparation: Gao, X.; Feng, W.;
Zhu, S. P.; Sheardown, H.; Brash, J. L. Kinetic Modeling of Surface-initiated Atom

Transfer Radical Polymerization, 2009.

3.1 Abstract

A kinetic model has been developed using the method of moment for
surface-initiated atom transfer radical polymerization (s-ATRP) from flat solid surfaces
based on a moving boundary physical model. The model takes into account of the effect
of polymer brush conformation on the polymerization kinetics and polymer molecular
weight development. The model is verified with the experimental data of
2-methacryloyloxyethyl phosphorylcholine from silicon wafer, which were carried out by
either adding free initiator (Method I) or excess deactivator (Method II) to the solution. It
is shown through the modeling that Method II gives better control over polymer
molecular weight and thicker graft layer under similar conditions than Method I. A new
mechanism is proposed for the radical termination based on the fact that the rapid

activation/deactivation cycle reactions facilitate “migration” of radical centers on the
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surface. The rate constant of “migration termination” is thus catalyst concentration
dependent with higher catalyst concentration resulting in higher termination. Lowering
catalyst concentration suppressed migration termination that could improve the control
and livingness of s-ATRP. However, there exists a catalyst concentration for the optimal

control performance.

3.2 Introduction

Grafting polymer brushes for modification of surface properties has gained
significantly interest in the recent years due to unique performance of polymer brushes in
various applications.'™ There are two major types of grafting methods, namely, “grafting
to” and “grafting from”.> In the “grafting to” method, polymer chains are prepared in
advance. The chains bear reactive moieties at their chain ends, which can react with
co-reactive sites on surfaces. The polymer chains can thus be covalently attached to the
surface forming polymer brushes. The advantage of this method is that polymer chains
can be prepared and characterized prior to grafting and thus the chain microstructural
properties can be pre-designed and readily controlled. However, the disadvantage of this
method is that during the grafting process, polymer chains must diffuse to the surface and
react with their co-reactive moieties on the surface. The earlier grafted polymer chains
may prevent later chains from approaching to the surface.®'® As a result, the grafting

density is often low. In many applications, high grafting density is essential to ensure
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polymer chains on the surface in a brush conformation.>”

“Grafting from” method can give higher grafting densities due to absence of the
diffusion limitations. In “grafting from” method, initiator molecules are immobilized to
the surface first, followed by surface-initiated polymerization. Only monomer molecules
need to diffuse from solution to the surface for polymer chain growth. Compared to
polymer diffusion in “grafting to” method, monomer molecules experience little diffusion
limitations. High grafting densities can thus be achieved. “Grafting from” method is
preferred to achieve polymer brushes from various surfaces. However, the major
challenge associated with this type of method is its difficulty in characterizing grafted
polymer chains on the surface. It is also difficult to obtain good control over polymer
chain growth on the surface if conventional radical polymerization is employed because
of the combination of fast propagation and slow initiation. In conventional free radical
polymerization, it takes only seconds for an individual chain to fully grow through the
fast propagation, while it takes hours to accumulate chains through the slow initiation.

The early born chains interfere growth of the late born chains.

The recent development of controlled/living radical polymerization (CLRP)
techniques provides great opportunity for preparation of well-controlled and dense
polymer brushes on surfaces."'"'? In surface-initiated CLRP, polymer chains grow

simultaneously but slowly from surface. Polymer molecular weights can be conveniently
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controlled through variation of polymerization recipe and time. These polymer chains are
thus very uniform in microstructural properties. Surface-initiated CLRP methods have
been employed for preparation of various kinds of polymer brushes on different surfaces

and interfaces.>®

There are three major CLRP mechanisms: atom transfer radical polymerization
(ATRP), nitroxide mediated polymerization (NMP) and reversible addition-fragmentation
chain transfer radical polymerization (RAFT). Among the three, ATRP is a popular
method for surface modification due to its good versatility to a wide range of functional
monomers and the requirement of less stringent experimental conditions.'> Various
ATRP initiators suitable for surface immobilization have been synthesized. Ligands and
catalysts are available. A great variety of monomer types have been successfully grafted
from surfaces to obtain desirable surface properties.'®?' The effects of polymer type,
degree of polymerization, grafting thickness, and initiator density on surface properties

have been extensively investigated.”*’

Although numerous experimental studies on s-ATRP have been reported, there
are still many fundamental questions remained to be answered and lacking of quantitative
analyses in particular. In this work, we resolve to a modeling approach. An examination
of the literatures reveals that there were several modeling efforts made to describe
solution ATRP.*** The effects of some influencing factors on the solution ATRP
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kinetics and polymer molecular weight development were investigated through

modeling.?®

In s-ATRP because the amount of grafted initiators on surface is very little, not
enough deactivator can be generated during ATRP. As a result, sacrificed initiators
(Method I) or extra deactivators (Method II) are needed to be added into solution to give
an adequate level of the deactivator concentration. In Method II, the monomer
concentration almost remains the same during the grafting process because the initiator
on surface consumes very little amount of monomers. Therefore, the growth of polymer
layer is supposed to be linear with reaction time. However, it was experimentally
observed that the polymer layer growth in grafting deviated linearity in thickness versus
time. This deviation was believed to be caused by significant termination of surface
radicals because of crowded polymer brushes. The termination decreased the radical

concentration on the surface causing the decrease of polymer growth rate.

Several theoretical studies have been carried out in relating polymer brushes layer
thickness on the substrate to radical termination.*”* Xiao et al.** assumed the polymer
thickness growth rate was proportional to monomer consumption rate in solution. In
Method II, the change in monomer concentration was small. Therefore, a simplified
analytic expression for the monomer consumption /M]o-/M] (=k,[M]o[R ]t, while [R"]=
[R1o/(1+k[R 1ot) obtained by solving d[R "]/d¢ = -kt[R " ]* with an initial condition of [R"]
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=[R " ]o) was derived as follows:

_[M]ok,[R" ]t

[M], ~[M]= T+[R] ks @)

where /M], [M], [R"],, kp, k; and ¢ are initial monomer concentration, present monomer
concentration, initial radical concentration, propagation rate constant, termination rate
constant and time, respectively. This equation was fitted to the experimental growth of
polymer layer thickness versus time. The simulation results showed that the deviation of

the thickness growth from linearity could be caused by significant termination.

Kim et al.>* assumed that the film growth rate at any given time was proportional
to the surface radical concentration and calculated that the radical concentration from the

following two differential equations:

d[R"]

K] o o [RXIC)~ by [RTXC)-KR'T @
K] Ko IRXTCT+ Ky [RIXC) ®

where [R°], [RX], [C], [XC], kac, and kgeqer are the radical concentration, initiator
concentration, catalyst concentration, oxidized catalyst (deactivator) concentration,
activation rate constant, and deactivation rate constant, respectively. They also

demonstrated that, if the radical termination was significant, the film growth rate would
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decrease significantly, deviating from the linearity versus time, as observed in the

experimental work.

Correlating the polymer layer thickness on surface to [M]o-[M] (Xiao et al.*) or
to [R*](Kim et al.**) gave good quantitative analysis for the s-ATRP grafting process
through the solution ATRP models. Both models explained that the radical termination in
solution significantly affect the rate of polymer grafting on surface. However, these
solution-based models oversimplified the reaction and diffusion events occurring on the
surface and could not provide the detailed information about the surface polymerization.

Strictly speaking, they are not applicable for the s-ATRP grafting using Method II.

Actually, the s-ATRP is a more complicated process compared with ATRP in
solution. Two parallel ATRP systems coexist. One is a 2-D ATRP on the surface and the
other is 3-D ATRP in the solution. Both consume the same monomer in the solution, but
have different initiators and generate different polymer chains. A comprehensive
modeling work can give a full picture of the whole system, which is essential to

understand the s-ATRP mechanism and to investigate the influencing factors.

The objective of this chapter is to provide a detailed physical picture for the
s-ATRP mechanism through a kinetic modeling approach. Combined with the

experimental data, the model offers a thorough analysis for the s-ATRP process.
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3.3 Theory

In this work, the s-ATRP mechanism is described, as shown in Scheme 3-1, by a
solution ATRP and a surface ATRP from flat solid substrate, separately. In the solution
phase, ATRP occurs when a free initiator is added. The solution polymerization includes
activation, deactivation, propagation, termination and chain transfer. Although the
density of initiator on the surface is high, the total amount is extremely low. It does not

influence the reactions in the solution. The solution polymerization mechanism is shown

in Table 3-1.

Solution phase

;S

Interface

Polymer phase

1
1
D 1
1
. !
1
1
i
1
1
1

Scheme 3-1 Schematic presentation of the s-ATRP from flat surface.

On the surface, all polymer chains grow simultaneously. The high grafting density
leads to a brush conformation with the chains stretching out into the solution. The chain

ends reside at the vicinity of the interface between the polymer and solution phases. With
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the polymer chains growing on the surface, the polymer layer thickness increases and the
interface moves away from the substrate (i.e., a moving boundary problem). The s-ATRP

model proposed in this work is thus termed as the moving-boundary brush model.

Table 3-1 Proposed reaction scheme for the s-ATRP from a flat solid substrate.

Solution phase Surface
Initiation RX, +C, —t= 3R + XC, RX +C, —t=>R"s + XC,

Activation | RM,X,+C,—*«>RM;, +XC, | RM, X +C,—t=>RM' +XC,

Deactivation | RM;, + XC, —t4x—> RM X, +C, | RM  + XC, —em s RM X +C,

Propagation RM;, +M, —% yRM: RM; +M, s M

i+lB i+1S

. . k . . kpy
RM;, +RM;, —%—>RM,, +RM, | RM; +RM; —>RM, +RM,

% 3 . . k, . . *
Termination RM;, +RM; —<—RM, R, RM;  +RM_ % S RM,, R,

i+j

RM® —% sRM

. ks
g - RM,, —=—>RM

where RM[,RM X ,RM,;,RM, ;R stand for living chains, dormant chains, dead chains
by disproportion, and dead chains combination; i and j are the number of monomeric
units in the polymer chains; the subscripts B and § denote “bulk™ and “surface” for the
corresponding species; &’s are the reaction rate constants with the subscript act meaning

activation, deact deactivation, p propagation, #d termination by disproportion, fc
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termination by combination, and #r chain transfer, respectively. The prime denotes the

reactions on the surface.

On the surface, the reactions of activation, deactivation, propagation and chain
transfer involve polymer chains on the surface and small molecules in the solution (i.e.
monomer, catalyst, and deactivator). As shown in Scheme 3-1, although one end of the
chain on the surface is constrained to the surface, the free end stretches out into the
solution. It is assumed that the constrained end has no effect on the reactions. The small
molecules readily diffuse around the free polymer chain ends as in the solution
polymerization. As a result, these reactions can be treated in the same way as those
occurring in the solution. Previous work has proven that the chain length of grafted
polymer on surface is similar to that of free polymer formed in the solution. The

termination between surface and bulk radicals were neglected in this work.

In this work, all the grafted species including grafted chains, initiators, and
radicals are based on their surface concentrations (the number of species per unit surface
area). By modeling the surface reactions directly, no assumptions are needed to relate the
surface species to their solution counterparts. The model is thus more realistic, better

representing the actual reaction events on the surface.

Based on the proposed reactions listed in Table 3-1, the mass balance equations
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for all the species in the s-ATRP are obtained as shown in Table 3-2. The rate of polymer

layer thickness growth follows:

a "M IRV,

dr p

4

where m is the monomer molecular weight and p is the bulk density of polymer.

In this work, the method of moment is employed to obtain the average chain
length and polydispersity. MathCAD 2001 is used for calculation. The detailed

calculation method is given as the supporting material.

Table 3-2 Mass balance equations for various species in the solution and on the surface.

Solution polymerization:

ﬂR_dAf,i =k, [RM [, 15[M ]y =k, [RM 1, [M ] + koo [RM, X ], [C],
o RM; L XCY, ~[RM; 1, D (RME ), ~, [RME ),

d["f‘;—;X]B = Ko [RM 1,[XC1, — kool [RM, X 1, C1,

AL, [RM,']BZ;[RM;]B +k,[RM; ],

‘W‘f—tﬂh = %jz;[RM 1,[RM; 1,

% =_k,,§[RM']B[M]B
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Surface polymerization:

d[R(];‘[: b = k'p [RM,15[M ], —k'p [RM1s[M ]y + k', [RM X |5[C],
—k'deact [RM;.]S[XC]B _k'r [RMi.]Si[RMi.]S _k'tf [RM'.]S
% =K' g [RM; 15[ XC], = K 1o, [RM X ]5[C],
d[Rc?tli]s =K', [RM,.]SZ.O:[RM:]S +k', [RM ]
dIRMRYs K Nt ras 1 iRM
o ) ;[RM,' ]S[RMi—j]S

3.4 Results and discussion

3.4.1 Simulation of the s-ATRP of MPC

The moving-boundary brush model developed above was employed to investigate
the s-ATRP of 2-methacryloyloxyethyl phosphorylcholine (MPC) from silicon wafer.
MPC is a biomimetic monomer which has attracted great attention as a functional
monomer for improving biocompatibility.>>® An extensive experimental studies on the
grafting poly(MPC) from silicon wafer to reduce protein adsorption have been carried

out.37'39

Influencing factors including grafting methods, catalyst concentration,
deactivator concentration, etc. received a thorough investigation. The experimental data

are repeatable with the error less than 5%.>"*° Abundant experimental data enable us to

achieve a clear picture of the s-ATRP mechanism through the modeling approach.
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MPC is a relatively new biomimetic monomer and no ATRP rate constants have
been found in the previous research under the selected experimental conditions. In this
work, the rate constants of its solution ATRP were obtained by fitting the model to the
experimental data. As shown in Figure 3-1 when &, =1.6x10° L/mol-s, ks =1 L/mol's,
Kgeaer =1%10° L/mol's, k, =4x10" L/mol's, the simulation gave the best fit to the
experimental data. For the surface polymerization rate, it was assumed that the reactions
between the grafted chains on the surface and small molecules in the solution were the
same as the solution polymerization. Therefore. k',=k,, k'sci=kac: and K'veac=Kdeacr. The
radical termination occurring between the grafted chains on the surface differs from that
in the solution. The surface radical termination rate constant, k;, was obtained using an

approach discussed later.
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The solution ATRP of MPC: (a) conversion versus reaction time and (b)

polydispersity versus conversion. Recipe: [MPC]/[CuBr]/[OEGBr]/[bpy]=50:1:1:2,

61



Ph.D. Thesis-X. Gao McMaster University-Chemical Engineering

[MPC]=0.85 mol/L, solvent: methanol.

In the s-ATRP, the amount of deactivator generated from the surface reactions is
extremely low. In order to obtain a sufficient level of deactivators in the solution, two
approaches are often used: one is to add free initiator in the solution (Method I) and the
other is to add deactivator directly (Method II). When free initiator is added into the
solution, free polymer chains also form in the solution. This provides an approach to

estimate grafting density.”’

It should be noted that if no deactivator is added to the reaction system the ATRP
activation-deactivation equilibrium cannot be set up at the beginning. The absence of
deactivator will give longer life time to radicals leading to longer polymer chains. As
shown in Figure 3-2(c) the polymer chain length was larger at the very beginning of
reaction. With the reaction more and more deactivators will accumulate in the system
because of the termination of radicals. Then the new polymer chains will have shorter
chain length causing the average chain length to decrease. When the ATRP
activation-deactivation equilibrium was reached, the average chain length grew linearly
with conversion as indicated from ATRP mechanism. During this short time at very
beginning the polydispersity of polymer chains was also higher, as shown in Figure 3-2(d)

and Figure 3-1(b), because the reaction was not in the controlled manner.
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3.4.1.1 Method I

In our previous research, Method I was employed to grow poly(MPC) from
silicon wafer.”” The experimental recipe and results are shown in Figure 3-2. In order to
simulate this surface polymerization process, two more factors are needed: efficient
surface initiator concentration and surface termination rate constant. The initiator
concentration grafted on the surface can be as high as 5 moieties/nm®, but only a small
fraction of them can be activated and grow into full polymer chains.”>***" The efficient
surface initiator concentration (i.e. how many initiators have been activated or
equivalently, grafting density) is an important parameter for the surface polymerization.
In our experimental work using Method I, the grafting density was estimated to be around
0.25~0.3 chains/nm®. As a result, 0.3 chains/nm? was used in the simulation as the

efficient surface initiator concentration.
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Figure 3-2  Grafting poly(MPC) from silicon wafer with free initiator in the solution

(Method I): (a) grafting thickness versus monomer conversion, (b) surface active polymer
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chain concentration, (c) chain length, (d) polydispersity, (e) surface radical concentration,
and () the ratio of [Cu"]:[Cu'] in solution. Recipe:

[MPC])/[CuBr]/[OEGBr]/[bpy]=200:1:1:2, [MPC]=1.33 mol/L, solvent: methanol.

The surface radical termination rate is an important parameter for the surface
polymerization, but no information could be directly obtained from experimental work.
In this work, by fitting the model to the experimental data as shown in Figure 3-2(a), the
surface termination rate constant, k', was estimated to be 1.2x10'* dm*mol-s. Thus all
the parameters needed for the model are obtained through the good fitting to the

experimental data.

Figure 3-2(b) gives the variation of the active chain (the sum of dormant and
radical chains) concentration on the surface with conversion. The initial concentration is
0.3 chains/nm®. It can be seen in the figure that the surface termination is very significant.
The active chains become dead very quickly. At the end of the reaction, almost half of the
chains lost activity through termination. In our previous work to test the remaining
activity of polymer chains on the silicon wafer after one grafting process, the surface
grafted with poly(MPC) was cleaned and put into MPC solution again to graft more MPC
onto the surface for the second time.?” The thickness obtained during the second grafting
process was only about half of the value observed on a fresh initiator-functionalized
silicon wafer under the same condition. This can be explained readily by the simulation
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shown in Figure 3-2(b): the radical termination on the surface is significant and causes

the loss of the grafted polymer chain activity.

Figure 3-2(c) and (d) give the chain length and polydispersity of the grafted
polymer. The chain length and polydispersity of the grafted chains are similar to those of
the polymer chains in the solution. The shorter chain length and higher polydispersity on
the surface show that the termination on the surface is more significant than in the
solution in this experiment system. However, the surface polymerization is still a

well-controlled living ATRP with low polydispersity.

Figure 3-2(e) gives the information about the surface radical concentration. The
concentration is about 3x10°® chains/nm?. Figure 3-2(f) gives the [Cu"]:[Cu'] ratio during
the whole reaction. All the information is very important for analyzing the surface

polymerization mechanism.
3.4.1.2 Method II

In our previous work, Method II (adding deactivator instead of free initiator into
solution) was also employed to grow poly(MPC) from silicon wafer (Figure 3-3).”” The
same recipe as in Method I was chosen including the same catalyst (Cu) concentration.
The only difference was that deactivator instead of free initiator was added. The reaction

rate constants did not change. The reaction rate constants obtained from the Method I
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simulation with the new recipe were used in the model to predict the experimental data
obtained from the Method II experiments. However, as discussed above, when Method II
is applied, the grafting density cannot be estimated from the experimental data, which is a
disadvantage of using Method II. The grafting density estimated from Method I was used

in the models as the first approximate. The prediction results were shown in Figure 3-3.
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Figure 3-3  Grafting poly(MPC) from silicon wafer with added excess deactivator
(Method 1) for different [CuBr]/[CuBr;] ratios at [MPC]=1.33 mol/L: (m)
[MPC]/[CuBr]/[CuBr;)/[bpy]=200:1:0.1:2.2 ()
[MPC]/[CuBr]/[CuBr;]/[bpy]=200:1:0.2:2.4 (A)

[MPC]/[CuBr]/[CuBr;]/[bpy]=200:1:0.5:3.0. Solvent: methanol.
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Different [Cu"]:[Cu'] ratios led to different radical concentrations on the surface
and different thickness growth rates. The lower the [Cu"]:[Cu'] ratio was, the higher the
radical concentration on the surface. When the [Cu"]:[Cu'] ratio decreased, the thickness
growth rate increased. This trend is evident in both experimental data and simulation

results.

When the ratio of [Cu"]:[Cu'] was at 0.2, the model predicted the experimental
data well. This indicated that the same grafting density as in Method I might have been
achieved. To verify this, the [Cu']:[Cu'] ratio in Method I was investigated because the

only difference between these two methods could be the [Cu""]:[Cu'] ratios.

The [Cu"]:[Cu'] ratio in Method I is shown in Figure 3-2(f). It can be seen that the
[Cu"]:[Cu] ratio was around 0.2. The ratio of 0.2 in Method II is thus close to that in
Method I. The grafting density would be about 0.3 chains/nm”. This explains why the

model predicted the experimental data well when the ratio of [Cu"]:[Cu'] was 0.2.
3.4.1.3 Comparison between Method I and Method II

Other difference may still exist between Method I and II. Simulation allows us for
a full comparison between these two methods. Figure 3-4(a) shows that under the similar
reaction conditions Method II gives a much higher grafting thickness and better

controlled process. In Method II, an adequate level of deactivator is added into the recipe
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so that the polymerization is under good control during the whole ATRP.
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Figure 3-4 Comparison between Method I (add free initiator) and Method II (add

excess deactivator) under similar conditions. Method I:
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[MPC]/[CuBr]/[OEGBr]/[bpy]=200:1:1:2, [MPC]=1.33 mol/L, solvent: methanol;
Method II: [MPC]/[CuBr]/[CuBr,]/[bpy]=200:1:0.2:2.4, [MPC]=1.33 mol/L, solvent:
methanol. (a) Grafting thickness, (b) surface radical chain concentration, (c) surface

active chain concentration and (d) polydispersity of grafted polymer chains.

It can be seen in Figure 3-4(b) that the radical concentration in Method II varies
little during the polymerization. As a result, the thickness growth rate remains almost
constant. In Method I, however, no deactivator is added into the recipe, so the deactivator
needs to accumulate according to Fisher’s persistent radical effect at the early stage of the
reaction.”' At the very beginning of ATRP, the deactivator concentration is low and thus
the radical concentration is high, as shown in Figure 3-4(b). This explains why the
thickness growth rate in Method I is faster than that in Method II at the beginning. With
the reaction proceeding, the termination decreases the radical concentration and a higher
deactivator concentration is accumulated in the solution, leading to a well-controlled
ATRP. The steady state of radical concentration is then reached with a value close to that
in Method II. However, at this time, the thickness growth rate decreases due to the
consumption of monomers in the solution. As a result, a much lower thickness is obtained

at the end of reaction.

Figure 3-4(c) gives the active chain concentration variation during the reactions.

A constant [Cu"]:[Cu'] ratio in Method II gives a constant surface radical termination rate,
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while in Method I the termination rate varies due to the variation of deactivator
concentration. However, both methods give a controlled polymerization and a low
polydispersity, as shown in Figure 3-4(d). From these results, it can be concluded that
Method II can give a much better controlled s-ATRP than Method I because of the high
deactivator concentration at the very beginning and the nearly constant monomer
concentration throughout the whole process. Furthermore, Method II is more practical

because it does not consume monomer in solution.
3.4.1.4 Grafting density in Method II

When the [Cu"]:[Cu'] ratio was at 0.1, the thickness growth rate was higher than
at the ratio of 0.2. This indicates a higher radical concentration on the surface because all
the other conditions were identical. The grafted initiator density is high on the surface
and only a small fraction of the initiators can grow to polymer chains. When the
[Cu"]:[Cu'] ratio was lower, more initiators were activated and had chance to fully grow
to polymer chains. This means a higher grafting density. The model fits the experimental
data with varying grafting densities. The best fits are obtained, as shown in Figure 3-5(a),
with the grafting density of 0.72 chains/nm” and 0.18 chains/nm” for the [Cu"]:[Cu'] ratio

of 0.1 and 0.5, respectively.
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(c) Simulation for different [CuBr]/[CuBr,] ratio
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Figure 3-5 Simulating poly(MPC) growth from silicon wafer with added excess
deactivator (Method II) for different [CuBr]/[CuBr;] ratios at [MPC]=1.33 mol/L: (a)
grafting thickness versus reaction time, (b) surface active chain concentration versus

reaction time and (c) polydispersity of grafted polymer chains versus reaction time.
(m) [MPC]/[CuBr]/[CuBr,]/[bpy]=200:1:0.1:2.2
(®) [MPC]/[CuBr]/[CuBr;]/[bpy]=200:1:0.2:2.4
(A) [MPC]/[CuBr]/[CuBr;]/[bpy]=200:1:0.5:3.0.
Solvent: methanol. Grafting densities obtained from simulation for [CuBr]/[CuBr;] ratio
of 1:0.1, 1:0.2 and 1:0.5 are 0.72 chains/nm’, 0.3 chains/nm”, and 0.18 chains/nm’,

respectively.

Higher grafting density also means more significant termination on the surface.
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Figure 3-5(b) gives the active polymer chain concentration on the surface during the
reaction. When the [Cu']:[Cu'] ratio was at 0.1, a high grafting density was achieved at
the beginning, but the higher radical concentration on the surface also caused more
significant termination. When the [Cu"]:[Cu'] ratio was at 0.5, a well-controlled thickness
growth was achieved, but a lower grafting density of 0.18 chains/nm* was obtained.
Figure 3-5(c) gives the polydispersity of grafted chains on the surface. Lower [Cu"]:[Cu]
ratio yields higher grafting thickness but also higher polydispersity. On the contrary, a

polydispersity as low as 1.04 was obtained when a ratio of 0.5 was selected.
3.4.2 Surface radical termination mechanism in the s-ATRP
3.4.2.1 Quantitative analysis of surface radical termination mechanism

The major difference between s-ATRP and solution ATRP lies in the radical
termination mechanism. The general understanding is that the high grafting density leads
to crowding of polymer chains on the surface and induces more significant termination.
Significant radical termination on the surface is also observed in many experimental
studies. However, the detailed study about the surface termination mechanism has never
been carried out due to the lack of surface information. In this work, the simulation

makes it possible to provide some detailed surface polymerization information.

In Scheme 3-2, a quantitative picture about the s-ATRP is given. The grafting
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thickness up to 100 nm, which is often the max value obtained in most investigations
reported in literatures. The grafting density estimated from Method I is about 0.3
chains/nm?, typical of high grafting density brushes. The average distance between
grafted polymer chains on the surface is thus estimated as 1.83 nm as shown in Scheme

3-2.

d =1.83nm d=577nm

™ »
- |

H <100»n

Scheme 3-2  Quantitative picture of the s-ATRP. Filled dots: dormant chain ends; open

dots: radical chain ends.

The radical concentration is several orders of magnitude lower than that of
dormant chains. Figure 3-2(e) gives the radical concentration on the surface. It is around

3x10°® chains/nm* and an average distance between radicals is 577 nm in this case.

On the surface, the grafted polymer chains are crowded forming brush
conformation, but such crowding is not the reason leading to significant termination on
the surface as believed before. From Scheme 3-2, it can be seen that on the surface the
grafted polymer chains have one end attached to the surface, thus they cannot diffuse
freely as in the solution. The crowding between grafted polymer chains further limits

their movement on the surface. Although the polymer chains are very crowded, the
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average distance between radicals is still very large. From Scheme 3-2, it seems that the
termination cannot happen because it is difficult to imagine that some radial chains can
be long enough to reach other radical chain ends to terminate, considering their average
distance is 577 nm. However, the radical termination does happen on the surface. The
reason is that the radicals distribute randomly on the surface. As shown in Scheme 3-3,
on the surface, most chain ends are dormant species. Only a very small fraction of chain
ends are radicals. Most of them are too far away to meet each other but some of them just
happen to be close enough (as in circles) to terminate. The surface radical termination

occurs in this way.

Scheme 3-3 Radical termination on the surface. Filled dots: dormant chain ends; open

dots: radical chain ends.

We believe that, in the s-ATRP, the activation-deactivation process could
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facilitate radical termination. The activation-deactivation process makes the chain ends
change their state between radical and dormant species. As a result, the radical positions
keep changing on the surface (i.e. dormant chain ends in different positions are activated
at different times). It is the same as those radicals migrate on the surface. When two of

them are at vicinity (i.e. migrated to meet each other), the termination occurs.

To the best of our knowledge, this is a new mechanism ever proposed for s-ATRP
grafting. The crowding of polymer chains on the surface prevents radicals from
termination, instead of promoting more significant termination as previously believed.
This can be termed as a 2-dimentional gel-effect. On the contrary, the
activation-deactivation process, which is the key factor making ATRP a living process,
actually accelerates the termination on the surface. The radical termination rate is very
fast, the rate determining step appears to be the migration rate of radicals to meet each
other, because the average distance between two radicals is too far. If the
activation-deactivation rate is very fast, more radicals change their positions (i.e. migrate

faster), and thus more radicals terminate.
3.4.2.2 Experimental study
The activation rate, &',,[RQ,X];[C];, gives the number of radicals that are

activated per unit time. This is also the number of radicals which change their positions
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per unit time, influencing the surface termination rate. It is clear that higher catalyst
concentration results in higher termination rate. There were many experimental studies on
the effect of catalyst concentration on the s-ATRP, which can be used to test this

proposed surface termination mechanism.

Figure 3-2 shows the s-ATRP experimental data, in which Method I was
employed. The catalyst concentration was 0.0067 mol/L, and the surface termination rate
constant was estimated to be 1.2x10'* dm?/mol's from the above simulation. A catalyst
concentration of 0.027 mol/L, which is four times higher, was also used.’” The
experimental results are shown in Figure 3-6. The estimated grafting density of about 0.3
chains/nm” was estimated from the experimental work. This also shows that the catalyst
concentration did not affect the grafting density. The surface termination rate constant of
4.8x10"* dm*/mol's (at the catalyst concentration of 0.027 mol/L) was obtained by fitting
the model to the experimental data, as shown in Figure 3-6. It is exactly four times higher
than 1.2x10'* dm?mol's (at 0.0067 mol/L). The termination rate constant is clearly

proportional to the catalyst concentration:

k't 22 r'migran'on o¢ k'act [RQOX]S[C]B (5)

where 7' is the migration rate of radicals on the surface caused by the

migration

activation/deactivation cycles.
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Figure 3-6  Grafting thickness of poly(MPC) from silicon wafer versus monomer
conversion with free initiator in the solution (Method I) at higher catalyst concentration:.

Recipe: [MPC]/[CuBr]/[OEGBr]/[bpy]=50:1:1:2, [MPC]=1.33 mol/L, solvent: methanol.

When Method II is applied in the s-ATRP, the effect of catalyst concentration can
be readily investigated. Figure 3-7(a) gives the s-ATRP experimental results with two
levels of catalyst concentrations of 0.0067 mol/L and 0.027 mol/L. It can be seen that at
the higher catalyst concentration (0.027 mol/L), the surface termination was much more
significant. In a short time, most radicals on the surface terminated and the thickness

growth rate reached almost zero.
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Figure 3-7 Grafting poly(MPC) from silicon wafer with added excess deactivator
(Method II) for different catalyst concentration at [MPC]=1.33 mol/L,
[CuBr]/[CuBr;]/[bpy]=1:0.1:2.2, solvent: methanol. (m) [CuBr]=0.0067 mol/L, (®)
[CuBr]=0.027 mol/L. (a) Grafting thickness versus time, (b) surface radical concentration
versus time and (c) surface active chain concentration versus time. Two curves with the

same termination constant, 1.2x10'* dm?*/mol-s. overlapped in the above figures.

Similar phenomena were also observed by Kim et al** In their work, all the
radicals on the surface terminated in a very short time at the high catalyst concentration
of 0.04 mol/L. The previous explanation for the more significant surface termination at

higher catalyst concentration was that the higher catalyst concentration would lead to a
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higher stead-state radical concentration on the surface, causing more significant surface
radical termimnation.’’ However, this is not a plausible explanation, especially for the

significant termination on the surface.

In an ATRP process, the activation-deactivation process reaches the equilibrium

of:

kRO, X1[Cu" 1= ko [RO; T XCu™ | (6)

— “deact

The radical concentration 1is:

koo [[RO,X[Cu']

[RQJ 1= kdeact[ XCu 11]

()

As a result, if the same ratio of [Cu"]:[Cu'] is used in the recipe, the radical concentration
should be similar and there should not be so significant difference in the termination on

the surface. This can readily be proven by simulation.

The simulation for the catalyst concentration 0.0067 mol/L has been done above.
The grafting density was about 0.72 chains/nm’. The experimental data showed that the
catalyst concentration did not influence the grafting density and thus this grafting density
could be applied in the simulation for the higher catalyst concentration. As shown in
Figure 3-7(a), the simulation gave the same results for the same [CuH]:[CuI] ratio,

although the catalyst (Cu') concentrations were different. The two curves with the same
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surface radical termination rate overlapped, despite of the different catalyst
concentrations. The reason is obvious: the same [Cu"]:[Cu'] ratio and the same surface
radical termination rate constant gave the same radical concentration on the surface as
shown in Figure 3-7(b) (the two radical concentration curves also overlapped). As a result,
the polymer thickness growth rate should be similar. Then there must be other reasons

that caused this remarkable termination on the surface.

The radical termination rate is as follows:

R, =k[RQ;Y ®)

If the radical concentration is the same, a higher termination rate can only be caused by a
higher termination rate constant. It becomes clear that a higher catalyst concentration led

to a higher surface termination rate constant, as expected from the proposed surface

termination mechanism.

The surface termination rate constant for the catalyst concentration of 0.027
mol/L is 4.8x10"* dm?*/mol's, as estimated in the above simulation. It was employed to
predict the results for Method II, as shown in Figure 3-7(a). Significant termination on
the surface was observed in this case. It confirmed that the significant surface termination
observed at the higher catalyst concentration was caused by a higher termination rate

constant. Figure 3-7(c) gives the active chain concentration on the surface. With the
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surface radical termination rate constant of 4.8x10' dmz/mol-s, the active chain

concentration (i.e. grafting density) on the surface decreased rapidly.

The deviation between the experimental and simulation results, as shown in
Figure 3-7(a), could be caused by the low grafting density. With a low grafting density
(lower than 0.1 chains/nm®) as shown in Figure 3-7(c), the brush conformation might not
form on the surface. The chain ends were not stretched into the solution as in the brush
conformation, having full contact with various species in the solution. As a result, the

predicted values from the current brush model became higher than the experimental data.

This radical termination mechanism, termed as “migration-termination” in this
work, which explained why higher catalyst concentration led to higher termination rate,
should be generally applicable in all surface-initiated living polymerization where the
polymer chains grow from surface simultaneously. In these cases, all polymer chains are
restricted to the surface, while the free diffusion of small activation molecules or capping
agents, which differ in different types of living polymerization, enable radicals on the
surface “migrate” to facilitate termination. The surface radical termination rate is affected
by the concentrations of these small molecules. In solution living polymerization, at high
conversions where polymer chains experience diffusion limitations, this kind of

“migration-termination” mechanism may also occur.
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3.4.2.3 Effect of catalyst concentration

From the above analysis, it seems that a low level of the catalyst concentration
should improve the living ATRP on the surface. However, it is not true because the
activation-deactivation is another key factor for the livingness of ATRP. In a typical
ATRP, the activation and deactivation reactions are very fast so that theoretically less
than one monomer can be added to a growing chain in one activation-deactivation circle.
This makes all the polymer chains have the same opportunity to grow simultaneously,
and a low polydispersity can be achieved. As a result, if the catalyst concentration is too
low, the rates of activation and deactivation are too slow and the polymerization loses

control.

Figure 3-8 gives the simulation results with varying catalyst concentration. The
lower catalyst concentration leads to a higher polydispersity. When the catalyst
concentration is 0.000067 mol/L, the polymerization becomes a conventional radical
polymerization instead of ATRP, which can be told from its polydispersity curve as
shown in Figure 3-8(b). In this case, the polymerization on the surface loses control and
the well-modified surface may not be obtained. It is clear that in the s-ATRP, an optimal
catalyst concentration exists. If the catalyst concentration is too high, the termination
becomes severe. If the catalyst concentration is too low, the activation and deactivation

rates are not high enough to assure a living polymerization.
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Figure 3-8 Simulation of grafting poly(MPC) from silicon wafer with added excess

deactivator (Method II) at lower catalyst concentration. [MPC]=1.33 mol/L,
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[CuBr]/[CuBr;]=1:0.2. (a) Grafting thickness versus reaction time and (b) polydispersity

versus reaction time.
3.4.2.4 ATRP on surface versus ATRP in solution

We have proposed the new surface migration-termination mechanism for the
s-ATRP. The crowding of polymer chains on the surface is not the reason for the
significant radical termination as previously believed. On the contrary, this crowding
actually imposes a 2-D gel-effect that limits termination. It is a misunderstanding that the
ATRP on surface is not as controlled as that in solution. Whether the polymerization on
the surface is more or less controlled than in the solution depends on the termination rate

on the surface.

In the simulation of Method I, the surface radical termination rate constant was
1.2x10'"* dm*/mol's. It was more significant than that in the solution. As a result, the
grafted chain length on the surface was shorter than that in the solution and the
polydispersity was higher. If the catalyst concentration was decreased, the surface
termination rate decreased. A better controlled and more living ATRP could then be

expected on the surface than in the solution.

Assuming the surface radical termination rate constants are 0.6x10'* and 0.1x10"

dm?*/mol's, we simulated the results as shown in Figure 3-9. When the surface termination
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rate was 0.6x10'* dm*/mol's, the polymer chains on the surface experienced similar
termination as those in the solution. As a result, the polymer chain length and
polydispersity of the grafted polymer on the surface were the same as those in the
solution. When the surface radical termination rate constant was set to 0.1x10'
dm?/mol's, higher chain length and lower polydispersity were found for the grafted chains
on the surface, i.e. a better controlled or more living process. The surface polymerization
could be a more living process on the surface because of the 2-D gel-effect. The

determining factor is the surface termination rate.
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Figure 3-9 Comparison between free polymer chains in the solution and on the surface
for different surface termination rates. (a) k'=0.6x 10" dm*mol's and (b) k'=0.1x10"*

dm?/mol's. [MPC]/[CuBr]/[OEGBr] =200:1:1, [MPC]=1.33 mol/L.

The surface termination rate constant cannot be readily measured. However, the
comparison between the chain length and polydispersity of grafted polymer chains on the

surface and free polymer chains in the solution can give some indication. There were a

few literatures that reported the comparison data. Table 3-3 gives a summary.

Among these studies, about a half found that the surface polymerization gave
higher polymer molecular weight and lower polydispersity. Devaux et al.*’ found that the

chain length of the cleaved chains was 25% higher than that of the free chains. The
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polydispersity of the cleaved chains was only 1.05. Most studies concluded that the chain
length and polydispersity of the grafted polymers were similar to those in the solution.
Little attention was paid to the higher chain length and lower polydispersity on the
surface. Based on the present work, it is now understood that the surface living
polymerization could be better controlled and more living due to the effect of the

proposed migration termination.

Table 3-3 Comparison between grafted and free polymer chains in the surface-initiated

living polymerization
Conclusion
Method Surface Monomer Molecular Ref.
: Polydispersity
weight
Silica gel &
NMP ) Styrene  Mngeavea > Mngee  PDgjeaved < PDgee  Husseman et al.
particles
Silica 44
RAFT i Styrene  Mngeaved > MNgee  PDijeaved = PDjrec Tsujii et al.
particles
ATRP  Glass filter MMA  Mngewed < MNgee  PDgieaved > PDjrec Ejaz et al.*
NMP  Silicon wafer Styrene  Mngeaved > MNgee  PDgleaved < PDfree Devaux et al.*?
High-density
ATRP  polyethylene MMA  Mngewed > Migee PDeaved = Dgee  Yamamoto et al.*
film
N,N-dimet :
ATRP Polystyrene hvlacryl lesveds 2 D <PD Kizhakkedathu et
ac a cleave ee
shell latex ¥ ) o Mngee ogis E al.¥
mide
3.5 Conclusion
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s-ATRP. Combined with the experimental data,’’’

a comprehensive analysis was carried
out to elucidate the s-ATRP mechanism. All information of the grafted polymer chains
including active chain concentration, radical concentration, chain length, polydispersity,
was calculated using the model. The simulation results showed that the radical
termination on the surface was significant and about half of activated chains terminated at
the end of reaction in our experimental system. When Method II (add deactivator into
solution) was employed, the grafting density, which could not be obtained experimentally,
could also be estimated by the simulation. It was found that the deactivator concentration
influenced the grafting density. The lower deactivator concentration was, the higher
grafting density was achieved. But it also caused a more significant radical termination
on the surface. Method I and Method II were compared showing that Method II gave a

much better control over molecular weight development of the grafted chains and thicker

grafting layer under similar conditions.

A new surface radical termination mechanism, termed migration-termination has
been proposed in this work. The crowded polymer chains on the surface caused a
2-dimentional gel-effect, preventing the radical termination, rather than causing more
significant  termination as previously Dbelieved. On the contrary, the
activation-deactivation cycle, which is the key making ATRP a living polymerization,

made the radicals “migrating” on the surface and facilitated termination. Based on this
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mechanism, the catalyst concentration determined the migration rate and the surface
radical termination rate in turn. The higher catalyst concentration, the higher surface
radical termination rate constant. The simulation in this work also showed that the
catalyst concentration should not be too low; otherwise the ATRP could lose its living

character.

3.6 Supporting materials

The method of moment is applied in this work to obtain the average molecular

weight and polydispersity. The corresponding moments are defined as:

Polymer chain species in the solution:

[RQ;1, = 3./ [RM; 1,

0

[RO, X1, =) i’[RM,X],

i=0

[RQ,1, = i/ [RM, ],

o0

[RQjR]B = Zij[RMiR]B

i=0

Polymer chain species on the Surface:
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[RQ;1; = 3 i/[RM ],

[RQ X1, = 3 i/ [RM,X];

i=0

[RO;]s Zl [RM ]

[RO,R]; =S i/[RM Rl

i=0
From mass balance equations, the moment equations can be obtained as follows:

d[R Ll
: Q AL Z( ][RQk 15[M ] + koo, [RO; X15[Clp = Keuee [RQ; 15[ XC],

- kr[RQo ]B[RQj ]B T krr[RQj ]B

&ff‘ & kdeacr[RQj.' ]B[XC]B —kact[RQjX]B[C]B
d[RQ ], ¥ . .
L&’Qti = ktd [RQO ]B[RQj ]B T ktr [RQj ]B
ROR], k& L(Jj
_[_Q_ ¢ ;( J[RQk]B RQ; 1,

For the total chain species:
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d([RQ; 1 +[RQ0X]1;:' [RO, ], +[RO,R];) 2 —%[RQ(;]B[RQ(;]B

d([RQ;]s +[RQ;X]5 +[RQ,]5 +[RQ,R]s)
dt

kz( Jirors,tan, +’—‘; ( Hrainimaes.,

For the zero moment:

= kacl [RQOX]B[C]B Y kdeact[RQ(; ]B [XC]B
i kI[RQ(;]B[RQ(; ]B iy krr[RQ(; ]B

d[RO; 15
dt

% = Kt [R5 15[ XCly = oo RO, X15[C
% =k, [RO:1,[RO:1, +k,[RO:1,
d[RORYy _ ki e :

T—. > [RQO]B[RQO]B

For the moment of first order:

= kp [RQ(; ]B [M]E ¥ kact [RQlX]B[C]B
~Kaeac [RO; 15[ XCp — K, [RQ; 15 [ROT 15 — K, [RO; 1,

d[RQ ],
dt

d[RQ, X], _

dt deact[RQl ]B[XC acr[RQlX]B[C]B
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MJ%]L = ky[RQ; 15[RO; 15 + K, [RO; 15
iw%& = K [RO;1,[RO; 1,

The moment of second order:

d([RQ; 15 +[RQO,X]; +[RQ,]5 +[RO,R];)
dt
=k,[RO;1[M], +2k,[RO;1,[M ], + &, [ROT1[RO; 1,

The average chain lengths and polydispersity can be calculated from the above defined

moments as:

F = [M]OB o [M]B
i [RQ]OB bk [RX]B i [R.]B o~ [R] - [RR] B [RQOR]B

= _[RO; 15 +[RO, X]p +[RO, 1, +[RO,R],

p [M]op =[M],

PD =

Y I;u

For the species on the surface:

Zero moment:
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d[RT?(;]S— =K' 1o [RO X 15[Clp — K geae [RO; 15[ XCp
- k' [RQ;1;[RO; 15 — k', [RO; 15

% i k'deact [RQ(; ]S[XC]B 8 k'act [RQOX]S[C]B
i[Rth_o]s =k',[RO;15[RO; 15 + k', [RO; 1

d[RQ,R]; _K',

= — RO (R I

For the moment of first order:

ARO)s _ e (RQ; )M ], + k., [ROX(C,

dt
~ k' jeact [RO; 15[ XCp — &', [RQ 1 [RO; ] — K, [ROY ]

%Y—]—i r k'deact [RQl‘ ]S[XC]B = k'act [RQIX]S[C]B
% =K'y [RO;15[RQ! 15 +K', [RQ s
@% = k' [RQ;15[RO; 1

The moment of second order:

d([RQ;]s +[RO, X ] +[RO, ] +[RO,R];)
dt
=K', [RQ;)s[M], + 2K, [RO; 1s[M ], + k' [ROT I [ROY ]
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Similar to the bulk, we have

= _ [RO]]s +[RQO X]s +[RQ ] +[RO,R]s
: [RQ]os _[RX]S _[R.]s —[R]s _[RR]S —[RQOR]S)

o _[RQ; 15 +[RQ, X5 +[RQ, |5 +[RO,R];s

"[RO} s +[RQ, X1 +[RQ,1s +[RO,R]

o |

The following conservation equations are also applied:

[RQ(;]B +[RQ0X]B +[RQO]B id 2[RQOR]B = [RX]O

i.e., the total number of initiator moiety R remains constant.

[RQ, X ] +[XC], =[RX],

i.e., the total number of atom X remains constant.

[C]s + [XC]B =[C],

i.e., the total number of catalyst C remains constant.

[RO ] +[RO, X ] +[RO, 15 +[ROR]p =[M ] —-[M],

i.e., the number of monomeric units remains constant.
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The above set of equations can be solved by MathCAD 2001 to obtain the
concentrations, chain lengths and polydispersity of various chain species in the solution

and on the surface.
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Chapter 4
A Facile Method of Forming Nanoscale Patterns on
Poly(ethylene glycol)-Based Surfaces by Self-Assembly
of Randomly Grafted Block Copolymer Brushes

This chapter is a reproduction of the following published article in Langmuir: Gao,
X.; Feng, W.; Zhu, S. P.; Sheardown, H.; Brash, J. L. Langmuir 2008, 24 (15), 8303-8308.

Copyright 2009 American Chemical Society.
4.1 Abstract

Poly(oligo(ethylene glycol) methacrylate) (POEGMA) block poly(methyl
methacrylate) (PMMA) brushes were synthesized on the silicon wafer surfaces by the
surface-initiated atom transfer radical polymerization (ATRP) method. Atomic force
microscopy, ellipsometry and water contact angle methods were employed to study the
surface morphology and stimulus-response behavior. It was found that simple solvent
treatments could induce phase segregation of the POEGMA and PMMA segments thus
introducing nanoscale patterns. The feature size could be less than 10 nm and was tunable
on the nanoscale. Various patterns including spherical aggregates, wormlike aggregates,
stripe patterns, perforated layers, and complete overlayers were obtained through

adjusting the upper block layer thickness. These patterns could switch between the
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different morphologies reversibly after the treatment with selective solvents.
4.2 Introduction

Nanotechnology has generated much interest in recent years. Various
nanostructures are valuable in many fields, especially in microelectronics. In
biotechnology, nanopatterns are employed to prepare protein, cell, or DNA
microarrays.'” They have significant commercial potential in for example the production
of biomicroelectromechanical systems (bio-MEMS), biochips, microfluidic devices,
biosensors, biodiagnostic devices, etc.”'? These patterns also enable researchers to isolate
individual biomolecules in specific environments, thus providing a powerful tool to
biologists for fundamental research.'>'* A basic requirement for these nanopatterns in
bioresearch is that the interface must have both specific binding capacity for the target
biomolecules and a nonfouling “background”. As a result, poly(ethylene glycol) (PEG) is
among the most important materials to provide the nonfouling function due to its
excellent resistance to nonspecific protein adsorption and cell adhesion as well as its
nontoxic and nonimmunogenic properties.”'> Various micro- or nanosized patterned PEG

16-21 or cell 15,20,22-28

surfaces have been fabricated to generate protein arrays for the

design of advanced biomedical devices.

With respect to fabrication methods, lithography is the technique most frequently
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used. Delicate lithography designs have produced high quality nanopatterns for different
purposes. However, when the feature size is less than 100 nm, electron-beam or certain
probe tips including dip pens must be employed; these are complex procedures that incur
high costs.”*> Simpler operations and smaller feature sizes are fundamental goals in the

field of nanopatterning.

The self-assembly of block copolymers is well-known as a facile method to
generate patterns in the size range of 10 - 100 nm.*>? Recently owing to the
development of surface-initiated living polymerization methods, various block copolymer
brushes have been grafted on surfaces to produce smart surfaces that can change their
properties in response to external stimuli.”>* In 2000 Brittain et al. for the first time
reported the formation of nanopatterns from the tethered polystyrene-b-poly(methyl
methacrylate) brushes after the treatment of selective solvents.” Later Genzer et al.
revealed the existence of different surface morphologies including flat, micellar, and
bicontinuous morphologies when the length of each block was varied.*”*' Furthermore,
Ruhe et al. demonstrated that the brush topography variation induced by the change of
external conditions could be employed to move nano objects absorbed on the surface.*>*?
In Choi et al.’s work surface-initiated ring-opening metathesis polymerization method

was employed to prepare the block copolymer brushes on the surface.** The atomic force

microscopy (AFM) images showed that different solvent treatments could give different
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surface morphologies. Bruening et al. prepared amphiphilic triblock copolymer brushes
and got more uniform domain size.* All these studies proved that the self-assembly of
block copolymer brushes could be employed to prepare nanoscale patterns on polymeric

surfaces.

If this method could be applied to introduce nanoscale patterns to PEG surfaces, it
could be a powerful but facile method for nanopatterning in biotechnology applications.
The covalent bonds of chemically grafted polymer chains with the surface can lead to
patterned surfaces that are stable, thus overcoming some of the problems associated with
spun-cast films due to solubility or swelling.” In addition, the ease of grafting various
types of polymer blocks by current living polymerization methods gives the potential to
incorporate numerous functionalities. Furthermore, these living polymerization methods
provide polymer brushes with active chain ends. There is currently great interest in
modifying the chain ends of grafts to provide biofunction or specific adsorption
capacity.***” The special stimulus-responsive behavior of this type of surface leads to
useful materials. The self-assembly method has unique advantages including high
throughput at low cost, ease in producing 3-D patterns, etc. For patterning with elements
in the range <100 nm, this method could be advantageous especially in some applications,
where only evenly distributed domains with a certain range of shapes and sizes are

required.
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In spite of all these advantages, the nanoscale features formed from tethered block
copolymer brushes in these studies are not yet as uniform as those from block copolymers.
The smallest feature size is still much larger than 10 nm, which can be achieved by the
self-assembly of block copolymers. The improvement from the employment of triblock
copolymers brushes is limited. In this work the employment of oligo(ethylene glycol)
methacrylate (OEGMA) was also aimed at seeking for a new solution to improve the
quality of this method. Large-size monomers such as OEGMA had not been used for the
block copolymer brushes before. Here it was expected that the relatively long (in
comparison to those used in other studies) side chains of Poly(oligo(ethylene glycol)
methacrylate) (POEGMA) would have the confinement effect on the features on the
surface. As a result better-separated domains, more uniform features, and smaller feature

size were expected.

In current work we grafted poly(methyl methacrylate) (PMMA), which is known
to adsorb proteins nonspecifically, to POEGMA-grafted surfaces; both of these polymers
have the same methacrylate main chain but different side chains. Selective solvent
treatment caused phase segregation of the POEGMA and PMMA segments thus
introducing nanoscale patterns. AFM, Ellipsometry, and water contact angle methods

were employed to study the surface morphology and stimulus-response behavior.
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4.3 Experimental section
4.3.1 Materials

Cu'Br (99.999%), Cu"Br, (99.999%), 2,2-bipyridyl(Bipy) (99%), ethyl
a-bromoisobutyrate (EBIB) (98%), and N,N,N',N",N'"- pentamethyldiethylenetriamine
(PMDETA) (99%) were purchased from Aldrich and used as received. Methyl
methacrylate (MMA) (99%, Aldrich) and OEGMA (98%, M, = 300 g/mol, Aldrich) were
distilled over CaH; under vacuum. Toluene (HPLC grade, Aldrich), methanol (HPLC
grade, Aldrich), and anisole (99.0%, Aldrich) were distilled over CaH; twice. Deionized
water from the Millipore water purification system had the minimum resistivity of 18.0
MQ cm. Argon and nitrogen gas were of ultrahigh purity grade. Silicon wafers with the
thickness of 0.56 mm were purchased from University Wafer Company (Boston, MA)

and cut into 6 x 6 mm” pieces.

4.3.2 Self-assembly of initiator monolayer on the surface

The surface-attachable initiator, 6-(2-bromo-2-methyl) propionyloxy hexenyl
trichlorosilane, was synthesized by the hydrosilylation of trichlorosilane with
hex-6-en-1-yl 2-bromo-2-methylpropionate.*® Silicon wafers were pretreated in a clean
room first. They were exposed to UV/ozone for 30 min in a cleaning chamber and were

subsequently immersed in 0.15 M hydrofluoric acid solution for 20 min to remove the
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silicon oxide layer. After that, they were rinsed in deionized water, dried under a nitrogen
stream, and exposed to UV/ozone again for 30 min to form a new contamination-free
silicon oxide layer. They were then immersed in a 2.5 mM solution of
6-(2-bromo-2-methyl) propionyloxy hexenyl trichlorosilane in dry toluene for 18 h at
room temperature to form a self-assembled initiator monolayer with a thickness of 1.6 +
0.2 nm (measured by ellipsometer). The surfaces were finally cleaned ultrasonically,

rinsed 3 times in toluene, and dried in an argon stream.

4.3.3 Preparation of POEGMA-b-PMMA copolymer brushes on the surface

In a typical POEGMA grafting procedure, Cu'Br (28.8 mg, 0.2 mmol) and Bipy
(63.6 mg, 0.4 mmol) were placed in a 50-mL flask. The flask was then evacuated and
backfilled 3 times with argon. Degassed OEGMA (12 g, 40 mmol) and methanol (20 mL)
were then added. After degassing with argon for another 30 min, the mixture was
transferred to a glovebox filled with ultrapure nitrogen. EBIB (29.4 pL, 0.2 mmol), as a
free initiator, was added to the solution to start polymerization. After stirring for 30 s, the
reaction mixture was transferred to small glass tubes containing initiator-grafted silicon
wafers. The grafting process proceeded at room temperature for a certain period of time
and was stopped by adding a methanol solution of Cu"Br,/Bipy. The POEGMA-grafted
surfaces were then cleaned ultrasonically in methanol and rinsed thoroughly to remove
physically adsorbed POEGMA. The wafers were dried in an argon stream, ready for
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grafting of the second block. To graft PMMA blocks onto POEGMA-grafted surfaces,
Cu'Br (143.5 mg, 1 mmol) and Cu"Br, (44.7 mg, 0.2 mmol) were added to a 100-mL
flask that had been evacuated and backfilled with argon. Degassed MMA (30 g, 300
mmol), PMDETA (250.6 pL, 1.2 mmol), and anisole (32 mL) were then added. After
being degassed with stirring for another 1 h, the mixture was transferred to a glovebox,
distributed into small glass tubes containing POEGMA-grafted silicon wafers. The
grafting process was carried out at room temperature for a preset period of time and
stopped by adding an anisole solution of Cu"Br/PMDETA. The same cleaning procedure

as described above was followed with toluene as the solvent.

4.3.4 Solvent treatment procedure and characterization

The surface was immersed in the indicated solvent for 4 h at 50 °C, then dried in
an argon flow (ultrahigh purity grade) for ~2 min at ambient temperature. The thickness
of the grafted polymer layers on the silicon wafers was measured by ellipsometer (Exacta
2000, Waterloo Digital Electronics, He - Ne laser (632.8 nm), incident angle 70°). A
one-layer model was used in the estimate of diblock film thickness. The refractive index
(n) and extinction coefficient (k) of Si (n = 3.865, k = 0.020) and SiO, (n = 1.465, k= 0)
were used for the SiO; layer. The n = 1.500 and k& = 0 values were used for the initiator
and polymer layers. The water contact angle was measured using a contact angle
goniometer (Model 200, Rame-Hart instrument Co.). A NanoScope IIla Multimode
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atomic force microscope (Digital Instruments, Inc.) was used to investigate surface

morphology in air. The tetrahedral tip had a radius of less than 10 nm.

4.4 Results and discussion

4.4.1 Preparation of POEGMA-b-PMMA copolymer brushes on the surface

The surface grafting procedure is indicated briefly in Scheme 4-1. After the
cleaning of silicon wafers in a clean room, a self-assembled initiator monolayer was
formed on the surface. Surface-initiated ATRP of OEGMA was subsequently carried out
in methanol at room temperature. Free initiator was added to the solution to control the

polymerization and to estimate the chain length of the grafts.
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Scheme 4-1 Synthesis procedure for POEGMA-b-PMMA copolymer brushes on silicon

wafer via surface-initiated ATRP.

As shown in Figure 4-1 the linear relationship between POEGMA thickness on
surface and the OEGMA conversion in solution demonstrates the living nature of this
polymerization system. The grafting process was stopped after 18 h at a conversion of
72% to ensure that the graft chain ends remained active. The resulting POEGMA brushes

layer had a thickness of 23.4 nm and grafting density of 0.26 chains/nm”.*® The grafting
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density was estimated with the equation of I'=dp/M, where d is the layer thickness, p
is the polymer bulk density, and M, is the polymer molecular weight. An assumed bulk
density of 1.0 g/em’® was used for POEGMA. The grafted POEGMA molecular weight
was assumed to be the same as the free POEGMA in solution. The free POEGMA

molecular weight was measured by gel permeation chromatography.
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Figure 4-1 Development of polymer graft thickness on silicon wafer. Between steps I
and II, the POEGMA grafted surfaces were thoroughly cleaned to remove physically

adsorbed species.

Prior to the PMMA block grafting, the POEGMA grafted surfaces were cleaned
ultrasonically in methanol and rinsed thoroughly to remove physically adsorbed

POEGMA. Then, the surface-initiated ATRP of MMA was carried out in anisole at room
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temperature. The POEGMA chain ends on the surface were reactivated to initiate PMMA
grafting. Excess deactivator instead of free initiator was added to the solution to ensure
good control of the grafting, especially in the early stages. As shown in Figure 4-1, the
thickness of the PMMA block increased linearly with time, thus demonstrating a living
grafting process.*” O A series of surfaces with different PMMA layer thicknesses, from

1.6 to 31.0 nm, were prepared by varying the grafting time.
4.4.2 'Water contact angle measurements

Grafted block copolymer brushes have been used for making smart surfaces in the
literatures.>®>® Selective solvent treatment exposes different block segments on the
surface thus modulating the surface properties. As a result, the surface can switch
between hydrophilic and hydrophobic, protein-adsorbing and protein-repelling, acidic
and basic, conductive and nonconductive, etc., according to the chemical composition of
two polymer blocks. The surface will adopt the contact angle of the corresponding
homogeneous polymer brushes. Therefore, advancing water contact angles are a simple
way to examine the switch of the surfaces between the different block segments. In the
solvent, the polymer chains can rearrange below their glass transition temperature. In
other studies, simple solvent treatments could rearrange the conformation of block
copolymer brushes with PMMA segments easily in short time and at low
tempera’cure.3 94042 11 our work, elevated temperature, 50 °C, and relatively long time, 4 h,

117


http:temperature.39.4�.42

Ph.D. Thesis-X. Gao McMaster University-Chemical Engineering

were needed for the block copolymer brushes to undergo switching to the equilibrium
stage (i.e., contact angle and surface morphology from AFM measurement did not change
further). The reason, presumably, is that the OEGMA macromonomer has relatively long
side chains, which interact/interfere with one another and slow down the phase

segregation process.

Figure 4-2 shows the effect of PMMA layer thickness on water contact angle after
selective solvent treatment. After treatment with CH,Cl,, a good solvent for PMMA,
water contact angles of ~64° were obtained when the grafted PMMA layer was thicker
than 1.5 nm. The value 64° is typical of the surfaces grafted with homoPMMA,
indicating that the grafted PMMA layer covered the surface well when it was thicker than
1.5 nm. CH,Cl; treatment caused complete coverage of the surface by PMMA. On the
other hand, following treatment with water, a poor solvent for PMMA but a good solvent
for POEGMA, the contact angle decreased to ~53°. In water, the PMMA chains
aggregated and were “hidden” by the POEGMA layer, decreasing their contact with
water. Phase segregation of PMMA and POEGMA segments was thus induced. If the
PMMA segments could not be completely buried by the POEGMA, the surface would be
composed of both PMMA and POEGMA, and the water contact angle would be expected
to be intermediate between those for homoPMMA and homoPOEGMA brushes. The

value of 53° indicated that the surfaces were composed of both POEGMA and PMMA.
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The water contact angle switched between ~64° and ~53° reversibly upon treating the

surface with CH,Cl, => H,0O => CH,Cl,, etc.
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Figure 4-2 Water contact angles after selective solvent treatment. The surface was
immersed in the indicated solvent for 4 h at 50 °C and then dried in an argon flow. The
advancing water contact angle was measured by the sessile drop method. The
measurements were repeatable, and the error was less than +2°. The homogeneous
POEGMA and PMMA brushes grafted surfaces were prepared for comparison. Their

water contact angles did not change after solvent treatment.

It should be noted that, after water treatment, the surfaces which had a PMMA
layer thinner than 3 nm showed higher water contact angles than those with a thicker
PMMA layer. AFM images (Figure 4-3) show that these surfaces are composed of both

PMMA and POEGMA. The only difference in the morphology between the thin PMMA
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layer samples from the others is that their surfaces are composed of densely distributed
PMMA spherical aggregates with the sizes of ~10 nm. Further effort is required to

elucidate how this surface morphology affects the water contact angle.

When the PMMA layer was thicker than 30 nm, the water contact angle became
close to that of homoPMMA after treating the surfaces with either H;O or CH,Cl,. The

surfaces might have a complete coverage of PMMA materials due to the high thickness.

4.4.3 The formation of nanoscale patterns

Figure 4-3 shows the surface morphologies as observed by AFM after water
treatment. Parts a and b of Figure 4-3 show height and phase images of the same surface.
The patterns formed by the phase segregation of POEGMA and PMMA are clearly
observed in the phase image. The bright domains denote PMMA, while the dark areas
correspond to POEGMA. The height fluctuation observed in the height image does not
affect the interpretation of the phase image. In this work, the thickness of the bottom
POEGMA layer was fixed at 23.4 nm; the upper PMMA layer thickness was varied from
1.6 to 31.0 nm. Different nanopatterns were obtained with increasing PMMA layer

thickness.
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Figure 4-3 AFM images of surfaces after the water treatment. All the samples have the
same POEGMA layer thickness of 23.4 nm. PMMA block varies from 1.6 to 31.0 nm.
The simulated surface morphologies below AFM images are from Shi’s simulation.
(Simulations reprinted with permission from ref 51. Copyright 2007 American Chemical

Society.)

Interestingly, a simulation study performed recently by Shi et al.’' for similar
densely grafted block copolymer brushes surface shows patterns that have remarkable
similarity with our experimental observations. They for the first time demonstrate, via
simulation, that the self-assembly of densely grafted block copolymer brushes can give a
range of patterns including spherical aggregate, wormlike, stripe, etc., on surface when
the upper block thickness is varied. The results of these simulations are shown in Figure
4-3 for comparison purposes. Because the simulation is not specified to certain
monomers and experimental system, the simulation images here are mainly to help

readers understand different surface morphologies better.

In the present work when the PMMA layer thickness was less than 4 nm,
spherical aggregates formed on the surface. Generally the feature sizes given by
self-assembly of block copolymers are between 10 and 100 nm.?**? In Figure 4-3(b), the
PMMA domain size is ~6 - 9 nm. To our knowledge, this is the smallest feature size
reported to date by this method. We believe that the relatively long side chains of
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POEGMA are the main determinants of this small feature size. As shown in Scheme 4-1,
it is thought that all of the polymer chains are constrained to extend and stretch away
from the surface at high grafting density. The PMMA domains are separated from each
other by the relatively long POEGMA side chains. This minimizes the interactions
between adjacent PMMA chains, so if the chain length of the PMMA is short and
uniform as expected by the ATRP method, small PMMA domain sizes can be achieved.
Another key role of the relatively long side chains is the prevention of the PMMA

segments from being buried within the POEGMA layer completely.

Block copolymer brushes can be used as stimulus-responsive surfaces because
selective solvent treatment can change the surface properties by switching between the
two block types. When the upper polymer block layer is thin, it can be completely buried
in the bottom block layer. In this work, the relatively long side chains of POEGMA
hindered penetration of the PMMA layer into the POEGMA layer. Consequently, at
equilibrium, the PMMA aggregates, of very small size, stayed at the surface following
treatment with water. In addition, the use of the living polymerization method made it
possible to control the PMMA layer thickness precisely resulting in nanoscale tunability

of the feature size as shown in parts b, d, and e of Figure 4-3.

When the PMMA layer thickness was further increased, the spherical aggregates

increased in size until they came into contact with each other. In Figure 4-3(e), it can be

123



Ph.D. Thesis-X. Gao McMaster University-Chemical Engineering

seen that some spherical aggregates started to merge, forming wormlike aggregates.
When the PMMA layer thickness was 10.5 nm, a wormlike aggregate pattern was formed
on the surface (Figure 4-3(f)). When the PMMA layer thickness was increased further,
the PMMA domains coalesced, forming a stripe pattern (Figure 4-3(g)). In the present
work, no parallel stripes as described in the simulation were obtained. The formation of
long-range regular patterns via self-assembly always requires external forces and extra
effort (e.g., prepatterned substrates, electric field, mechanical flow field, temperature
gradient, etc). When the PMMA block thickness was 31.0 nm, a complete overlayer of

PMMA was observed.

4.4.4 Reversible switch between different morphologies

As mentioned previously, these patterns were formed after treatment with water.
If a good solvent for PMMA was used instead, the PMMA layer might come to the
surface, again giving a complete overlayer. Figure 4-4(a) demonstrates that the surface of
the sample 2 changed to a complete overlayer after treatment with CH,Cl,, a good
solvent for PMMA. This shows that treatment with CH,Cl, “switched” PMMA back to
the outermost surface. This observation is consistent with the results of water contact
angle measurements. The surface morphology switched between complete overlayer and
spherical aggregates reversibly by treating the surface with CH,Cl, => H,0 => CH,Cl,,
etc. The overlayer morphology was observed in samples with a PMMA thickness less
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than 10 nm after treatment with CH,Cl,. For the samples with a PMMA thickness greater
than 10 nm, perforated layer patterns were observed as shown in Figure 4-4(b).
According to Shi’s simulation,”’ perforated layers should appear in our samples with the
PMMA thickness between 16 and 31 nm (between stripe pattern and overlayer) after
treatment with water. In our experimental work, however, perforated layers were not
observed in this range. Unexpectedly, after treatment with CH,Cl,, perforated layers were
observed when the PMMA thickness was larger than 10 nm. In others words, both
wormlike aggregates and stripe patterns changed to similar perforated layers, as shown in
Figure 4-4(b), following treatment with CH,Cl,. From the height image, it is seen that
holes remain in the PMMA layer. The bottom of the holes is the POEGMA layer as is
evident from the phase image. The depth of the holes is ~3 nm. This switching between
the perforated layer and the wormlike aggregate/stripe patterns was also reversible by
treating the surface with CH,Cl, => H,0 => CH,Cl,, etc. For sample 6, the surface
morphology did not change after treatment with CH,Cl,. The surface was always covered

by the PMMA layer due to its relatively high thickness.
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Figure 4-4 AFM images after CH,Cl, treatment. The simulated surface morphologies
below the AFM images are from Shi’s simulation. (Simulations reprinted with permission

from ref 51. Copyright 2007 American Chemical Society.)

4.5 Conclusions

In summary, we successfully introduced nanopatterns onto a PEG-based surface
through the self-assembly of randomly grafted block copolymer brushes. Simple selective
solvent treatments can introduce nanoscale patterns on the surface. This enables the
preparation of nanoscale patterns in large areas and achieves high throughput at low cost.
Different patterns including spherical aggregates, wormlike aggregates, stripe patterns,
perforated layers, and complete overlayers were achieved through simply varying the

upper block layer thickness. It was demonstrated for the first time the relatively long side
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chains of the polymer brushes could help increase the quality of this method greatly. It
helped constrain the feature size to less than 10 nm, which is the smallest size by this
method so far, and tune it on the nanoscale. It also enabled to achieve a range of surface
morphologies very clearly. The stimuli-responsive property of these surfaces, switching
between the different morphologies reversibly after the treatment with selective solvents,

was well demonstrated through AFM and water contact angle methods.
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Chapter 5
Nanoscale Patterning Through Self-assembly of Block
Copolymer Brushes with Two Hydrophilic Blocks

This chapter is based on the following article in preparation: Gao, X.; Zhu, S. P.;
Sheardown, H.; Brash, J. L. Nanoscale Patterning Through Self-assembly of Block

Copolymer Brushes with Two Hydrophilic Blocks, 2009.
5.1 Abstract

Poly(oligo(ethylene glycol) methacrylate) (POEGMA) —block-
poly(2-(methacryloyloxy)ethyl trimethylammonium chloride) (PMETAC) brushes were
synthesized on silicon wafer surfaces by a surface-initiated atom transfer radical
polymerization (ATRP) method. The collapse of polyelectrolyte in salt solution was
employed to induce phase segregations between these two hydrophilic blocks for the
development of nanoscale patterns. The smallest feature size was around 10 nm and was
tunable on the nanoscale. Various patterns including spherical aggregates, wormlike
aggregates, and line patterns were obtained through adjusting the upper block layer
thickness. These nanopatterns could switch between the different morphologies
reversibly through the treatment of selective solvents. The adsorption behavior of

fibrinogen on these patterns was studied by ellipsometry, water contact angle
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measurement, AFM and radio labelling method. The results showed that these
nanopatterns possessed the ability to pattern proteins. Fibrinogen was preferably

adsorbed on the PMETAC aggregates with POEGMA effectively repelling the protein.
5.2 Introduction

In past decades, nanotechnology has been generating more and more interest in
various fields. In biological and medical areas, nanopatterns hold the ability to pattern
proteins, cells or DNAs."” These patterns have found great values in a variety of
applications, for example, in the preparation of bio-microelectromechanical systems,
biochips, microfluid devices, biosensors, biodiagnostic devices etc.>'? In biological
fundamental studies, the nanostructure has helped biologists to investigate behaviors of

individual biomolecules by isolating and giving them specific surroundings. '**

The fabrication of nanopatterns can be divided into “top-down” and “bottom-up”
methods.'>'® The “top-down” lithographic method is well established and frequently used.
It can produce high quality nanopatterns with arbitrary designs at a nanoscale precision.
However, when the feature sizes less than 100 nm are required, the complex procedures
associated with electron-beam or certain probe tips including dip-pens bear high costs.”'

The “bottom-up” method makes full use of the self-assembly of various materials to

produce nanoscale patterns at low costs.'® It has an obvious advantage when large-area
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periodic nanopatterns are targeted.

The self-assembly of block copolymers has been widely employed to generate
nanoscale patterns in the size range below 100 nm.'>'"'® In the recent years, several
studies were carried out to self-assemble block copolymer brushes into nanoscale
patterned surfaces.'”?* These copolymer brushes are chemically grafted on various
surfaces. The chemically grafted polymer chains through covalent bonds on the surfaces
can lead to stable patterned surfaces, overcoming some problems associated with
spun-cast films due to solubility or swelling. The recent development of various
surface-initiated living polymerization techniques offers precise design for copolymer
brushes on surface. Furthermore, these living polymerization methods yield polymer
brushes with active chain ends. They can be readily modified to introduce more functions

to the surface (e.g. biofunction or specific adsorption capacity).

Zhao and Brittain er al.*> for the first time demonstrated the feasibility of
introducing nanoscale patterns by self-assembly of the tethered polystyrene-b-
poly(methyl methacrylate) brushes after some treatment of selective solvents. Later

Genzer and Ruhe et al.**?

showed that, by varying chain lengths of the blocks, different
surface morphologies including flat, micellar and bicontinuous morphologies could be
achieved. In Choi et al.’s work, the solvent treatments were found to affect surface

morphologies as well.”* Bruening and Baker er al.’! prepared amphiphilic triblock
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copolymer brushes on the surface and achieved more uniform domain sizes. In our
previous work,”> we introduced various nanopatterns to a poly(ethylene glycol)
(PEG)-based surface through self-assembly of the grafted poly(oligo(ethylene glycol)
methacrylate) (POEGMA) -block- poly(methyl methacrylate) (PMMA) brushes. Simple
water treatments induced phase segregations of the POEGMA and PMMA segments and
thus generated the nanoscale patterns. The smallest feature size was less than 10 nm.
Various patterns including spherical aggregates, wormlike aggregates, line patterns,
perforated layers and complete overlayers were obtained by varying the upper block layer
thickness. These patterns possessed some unique stimuli-responsive properties and were
switchable between the different morphologies with simple solvent treatments. All these
studies showed that the self-assembly of block copolymer brushes represents a promising

approach for the preparation of nanoscale patterns on surfaces.

The objective of this work is to prepare nanoscale patterns by self-assembly of
block copolymer brushes to pattern biomolecules for potential biological and medical
applications. One basic requirement for these nanopatterns is that their interfaces must
have both binding capacity for the targeted biomolecules and at the same time a
non-fouling background which can resist the non-specific adsorption of proteins or cells.
POEGMA is chosen in this work to provide a non-fouling background. PEG-based

polymers are the most important type of materials that provide non-biofouling functions
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because of their excellent resistance to non-specific protein adsorption and cell

33-37

adhesion, as well as their non-toxic and non-immunogenic properties.*** Various

3843 or cells

patterned PEG-based surfaces have been prepared to pattern proteins
3436424449 for different applications. A hydrophobic polymer has always been used as the
top block, to assure phase segregation. In our previous work, PMMA was used as the
hydrophobic top block for the phase separation.”> Hydrophobic polymers have ability to
adsorb proteins non-selectively. The patterns prepared from this design have potentials to
pattern biomolecules. However, this surface design has its limitation in bioapplications.
Although a hydrophobic surface can adsorb proteins, it has been found that some
adsorbed proteins greatly changed their conformations on the surface, and as a result, lost
their bioactivities. Furthermore, the non-selectivity of hydrophobic surfaces makes it

challenging in further modification of chain ends for selectively capture of targeted

biomolecules.

The use of hydrophilic polymer as the top block could provide an ideal solution to
this problem. However, the difficulty lies in that the phase segregation between two
hydrophilic blocks cannot be induced by simple water treatment. The approach in the
current work is to use a polyelectrolyte as the top block. In salt solutions, the
polyelectrolyte collapses and forms patterns on the surface. Furthermore, the static

electrolyte charges may bring more advantages, e.g. external electric field may be applied
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to control the formation of patterns. The objective of this work is therefore to prepare the
nanoscale patterns from block copolymer brushes having two hydrophilic segments by
salt solution treatment and to explore the ability of the polymer patterned surface in

developing protein patterns on the surface.

5.3 Experimental section
5.3.1 Materials

Cu'Br (99.999%), Cu'Cl (99.99%), Cu"Cl, (99.995%), 2,2"-bipyridyl (Bipy)
(99%), ethyl a-bromoisobutyrate (EBIB) (98%), and methanol (HPLC grade, Aldrich)
were purchased from Aldrich and used as received. Oligo(ethylene glycol) methacrylate
(OEGMA) (98%, M, = 300 g/mol, Aldrich) was distilled over CaH, under vacuum.
[2-(Methacryloyloxy)ethyl]trimethylammonium chloride (METAC) solution (75 wt. %
in H,0, M, = 207.70 g/mol, Aldrich) was passed through an inhibitor remover column
(Aldrich) to remove the inhibitor, monomethyl ether hydroquinone. Toluene (HPLC
grade, Aldrich) was distilled over CaH; twice. Deionized water from the Millipore water
purification system had the minimum resistivity of 18.0 MQ-cm. Argon and nitrogen gas
were of ultra-purity grade. Silicon wafers with 0.56 mm thickness were purchased from

University Wafer Company (Boston, MA) and cut into 12x6 mm” pieces.
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5.3.2 Self-assembly of initiator monolayer on surface

Silicon wafers were treated first in a clean room environment before the grafting
process. They were exposed to UV/ozone for 30 min, and then immersed in 0.15 M
hydrofluoric acid solution for 20 min to remove the silicon oxide layer. After that, they
were rinsed thoroughly by deionized water, dried under a nitrogen stream, and exposed to
UV/ozone again for 30 min to form a new contamination-free silicon oxide layer. The
surface-attachable ATRP initiator, 6-(2-bromo-2-methyl) propionyloxy hexenyl
trichlorosilane (BMPHTC) was synthesized beforehand.’® The pre-treated silicon wafers
were subsequently immersed in a 2.5 mM solution of BMPHTC in dry toluene for 18 h at
room temperature to form a self-assembled initiator monolayer with a thickness of 1.6 +
0.2 nm. The surfaces were finally cleaned in toluene ultrasonically, rinsed 3 times, and

then dried in an argon stream.

5.3.3 Preparation of POEGMA-b-PMETAC copolymer brushes on surface

To graft POEGMA brushes onto silicon wafers, Cu'Br (28.8 mg, 0.2 mmol) and
Bipy (63.6 mg, 0.4 mmol) were first added to a 50-mL flask.”? The flask was then
evacuated and backfilled with argon 3 times to remove oxygen. Degassed OEGMA (12 g,
40 mmol) and methanol (20 ml) were then transferred into the flask. The solution was

degassed with argon for another 30 min before it was transferred to a glove box filled
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with ultra-pure nitrogen. The free initiator EBIB (29.4 pL, 0.2 mmol) was added to the
solution to initiate polymerization. After stirring for another 30 sec, the reaction mixture
was allocated to small glass tubes containing initiator-grafted silicon wafers. The grafting
reaction was stopped by adding a methanol solution of Cu"Br,/Bipy after a certain period
of time. The POEGMA-grafted surfaces were then cleaned ultrasonically in methanol,
rinsed thoroughly to remove physically adsorbed POEGMA, and finally dried in an argon
stream, ready for grafting the second block. To graft PMETAC block onto
POEGMA-grafted surfaces, Cu'Cl (89.1 mg, 0.9 mmol), Cu"Cl, (24.2 mg, 0.18 mmol)
and Bipy (337.3 mmg, 2.16 mmol) were first placed into a S0-mL flask. It was evacuated
and backfilled with argon for 3 times. Degassed METAC solution (10 g, 36 mmol
METAC), methanol (10ml) and water (2.5ml) were then added to the flask. The mixture
was degassed for another hour, then transferred to a glove box, distributed into small
glass tubes with POEGMA-grafted silicon wafers. The grafting process was carried out at
room temperature for a preset period of time and stopped by adding a methanol/water
(volume ratio of 2:1) solution of Cu"Cl,/Bipy. The same cleaning procedure as described

above was followed.

5.3.4 Characterization

The thickness of the grafts on the silicon wafers was measured by ellipsometer

(Exacta 2000, Waterloo Digital Electronics, He-Ne laser (632.8 nm), incident angle 70°).
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The water contact angle was measured with a contact angle goniometer (Model 200,
Rame-Hart instrument Co.). A NanoScope Illa Multimode atomic force microscope

(Digital Instruments, Inc.) was employed to observe surface morphology in air.

5.3.5 Protein adsorption experiments

Protein adsorption experiments were carried out in isotonic tris buffered saline
(TBS) with radioiodinated fibrinogen. The molecular weight and dimension of fibrinogen
are 340,000g/mol and 450x90x90 A®, respectively. Its adsorption behavior on POEGMA
surfaces was evaluated in our previous work.’' To count the amount of protein adsorption
on the surface, fibrinogen was radiolabeled with Na1251 via the iodine monochloride (IC1)
method.” Ton exchange chromatography was employed to remove unbound radioactive
iodide. The solutions for protein adsorption contained only 10% radiolabeled proteins.
The surfaces were immersed in the protein solution for 2 h allowing protein adsorption to
reach equilibrium. The surfaces were then put into fresh TBS solution for 5 min (3 cycles)
to remove loosely adsorbed proteins, dried and measured by a Wizard 3" 1480 Automatic
Gamma Counter (Perkin-Elmer Life Sciences) to count the amount of proteins adsorbed
on the surface. For surface morphology observation by AFM method, the same procedure

was used except that regular fibrinogen without radio labeling was used.
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5.4 Results and discussion

5.4.1 Preparation of POEGMA-b-PMETAC copolymer brushes

The surface grafting procedure is described briefly in Scheme 5-1. After the
pre-treatment of silicon wafers in a clean room, an initiator monolayer was grafted onto
the surface. The surface-initiated ATRP of OEGMA was subsequently carried out at
room temperature. The free initiator was added to the solution to generate deactivator and
thus to assure the living character of ATRP. As shown in Figure 5-1, the thickness of
POEGMA brushes grow linearly with the OEGMA conversion in the solution,
demonstrating the living character of this system. The grafting process was stopped after
18 h with at 72% conversion to prevent the chain ends from termination. The surfaces
were cleaned ultrasonically in methanol and rinsed thoroughly to remove physically
adsorbed POEGMA chains. The resulting POEGMA brushes had a thickness of 23.4 nm

and an estimated grafting density of 0.26 chains/nm>.>

PMETAC block was grafted to the brushes through ATRP chain extension of
POEGMA. The chain ends of the POEGMA brushes were reactivated by the catalyst in
the solution to initiate the PMETAC grafting. Excess deactivator, instead of free initiator,
was added to maintain the living character of ATRP, especially in the early stages. As

shown in Figure 5-1, the thickness of the PMETAC block increased linearly with time,
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indicating a living grafting process.”>** Surfaces having PMETAC block thicknesses

varying from 2.4 to 10.6 nm were prepared by controlling the grafting time.

===  Sjlicon wafer surface

CHy
$ CI—Si-tCHz-CHz-);O—C——(II—Br Surface initiator
ci CHs
A&
ot C"’ e ‘I:"'a cl
C+ CH3~C—C—0—CH,~CH,— | —CH,
T8 CHs

Poly([2{Methacryloyloxy)ethyljtrimethylammonium chloride)
3

™
:’,?5 cn;—c—ﬁ—o——cu,—cu,—o—cu,-cn,—o—cnz—cu,—o—cn,-cu,—o—cu,

Poly(oligo(ethylene glycol) methacrylate)

Surface initiator
Toluene, 18h, RT

Methanol/Water, RT

Scheme 5-1 Synthesis procedure for POEGMA-b-PMETAC copolymer brushes on

silicon wafer via surface-initiated ATRP.
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Figure 5-1 Development of polymer graft thickness on silicon wafer.*? The thickness
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data are repeatable with the error less than 5%.

5.4.2 Formation of nanoscale patterns

The surfaces were immersed in the 0.5 mol/L NaCl solution for 4 h at room
temperature, and were then dried in an argon flow (ultra-purity grade) for ~2 min. The
dry state surface morphologies were observed by AFM, as shown in Figure 5-2. Figure
5-2(a) and (b) give the height and phase images of the same surface. The height image
gives the height variation on the surface. The obtained patterned surface was still flat, as
shown in Figure 5-2(a). The phase image detects the chemical variation on the surface.
Figure 5-2(b) shows the patterns developed from the phase segregation between

POEGMA and PMETAC. In the NaCl solution, PMETAC, a strong polyelectrolyte,
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collapsed on the POEGMA surface and thus formed the nanoscale aggregates. The bright
domains denote PMETAC, while the dark areas correspond to POEGMA. The chemical
variations on the surface were the target in this work; therefore only phase images were

examined in details.

In the current study, the bottom POEGMA layer thickness was fixed to ~23.4 nm
and the upper PMETAC layer thickness was varied from ~2 nm to ~12.0 nm. Different
nanoscale patterns were achieved through varying PMETAC layer thickness. The
simulations from Shi et al > for the similar densely grafted block copolymer brushes
were given below the corresponding AFM images. The simulation work showed that the
self-assembly of densely grafted block copolymer brushes could give a range of patterns
including spherical aggregate, wormlike and line pattern efc. on the surface when the
upper block thickness was varied. Our experimental observation verified the theoretical

simulation with the remarkably similar patterns.
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Figure 5-2 AFM image of surface in air. All the samples have the same POEGMA layer
thickness of 23.4 nm. PMMA block varies from 2.4 nm to 10.6 nm. The simulated
surface morphologies beside AFM images are from Shi’s simulation (reprinted with

permission from ref 55. Copyright 2007 American Chemical Society.)

Sample 1 and Sample 2 had the PMETAC layer thickness less than 6 nm, forming
spherical aggregates as shown in Figure 5-2(b) and (c). The smallest PMETAC domain
size was less than 10 nm. In our previous work, the smallest domain size achieved by the
self-assembly of POEGMA-block-PMMA brushes was 6~9 nm. These feature sizes are
among the smallest ones achieved by the self-assembly of block copolymers, which
normally gives feature sizes between 10 and 100 nm.'®'® We believe that the long side
chains of POEGMA effectively isolated the PMETAC aggregates and resulted in the

small feature sizes.

When the PMETAC layer thickness was further increased, the spherical
aggregates increased in size until they came into contact with each other forming the
wormlike aggregates. As shown in Figure 5-2(d), the wormlike aggregates formed when
the PMETAC layer thickness was 7.3 nm. When the PMETAC layer thickness was
increased to 10.6 nm, the PMETAC domains coalesced, forming a line pattern (Figure
5-2 (e)). In our studies, no parallel lines were achieved as described in Shi’s simulation.

External aids (e.g. pre-patterned substrates, electric field, mechanical flow field,
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temperature gradient etc) may help form the long-range regular patterns via the

self-assembly method.

Figure 5-2(f) gives a scan area of 200 nm % 200 nm to closely examine the line
pattern. It is evident that the feature size is quite uniform, although the self-assembly
method can only give random patterns. These random patterns with the uniform feature
size can be employed as modules to prepare nanoscale products where only a random
nanoscale structure is required, e.g. nanoscale membranes, nanoparticles and nanofibers,

high-efficient catalysis, etc.

The advantage of the self-assembly method lies in its ability to prepare large area
patterns at low costs. Figure 5-2(g) gives a scan of 5 umX5 pum area. As it can be seen, no

defects are observed. The feature size is very uniform in the large area.

5.4.3 Stimuli-responsive behavior

The nanoscale patterns formed after the surfaces were treated with NaCl solution.
When the surfaces were treated with pure water, the PMETAC blocks stretched out from
the surface, giving a complete PMETAC overlayer. Figure 5-3(a) and (b) show the
surface morphologies of Sample 3 and Sample 4 after the water treatment. The bright
dots in Figure 5-3(a) were caused by AFM tip contaminations. This switch of the surface

morphologies was reversible through the treatment with different solvents. The overlayer
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morphology was observed in the samples having PMETAC thickness greater than 7 nm
after treated with water. The overlayers in Sample 1 and Sample 2 were incomplete,

because the PMETAC layers were too thin.

Sample No.3  Raaot) Sample No.4
Phase image 1 Phaseimage
PMETAC block PMETAC block
thickness: 7.3 nm thickness: 10.6 nm
Morphology: Layer Morphology: Layer

Figure 5-3 AFM images after water treatment. The simulated surface morphologies
below the AFM images are from Shi’s simulation (reprinted with permission from ref 55.

Copyright 2007 American Chemical Society.)

5.4.4 Protein adsorption on nanoscale patterns

Ellipsometry, water contact angle measurement, AFM, and radio labelling method
were used to study the fibrinogen adsorption behaviours on these surfaces. Figure 5-4
shows an AFM image of fibrinogen adsorbed on the POEGMA surface. Fibrinogen

aggregated easily when its concentration was high.
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Figure 5-4 AFM phase image of fibrinogen on a POEGMA surface.

The surfaces grafted with POEGMA brushes have been widely studied for their
biocompatibility in resisting protein adsorption. It was found in our previous work that
the surfaces grafted with POEGMA brushes adsorbed only 26 ng/cm’ fibrinogen.
Compared to the unmodified silicon wafer of 773 ng/cm?, it was about 95% reduction.
Figure 5-5 shows the water contact angle measurements. The water contact angle of the
POEGMA surface did not change significantly before and after fibrinogen adsorption.
However, the water contact angle of silicon wafer surface was increased from 40° to 70°
after the fibrinogen adsorption. The monolayer adsorption of fibrinogen on a flat surface
is estimated to be between 140 to 700 ng/cm”. The adsorption amount of 773 ng/cm” on
silicon wafer indicates a complete coverage. The ellipsometry could not detect any
increase in thickness of the POEGMA surface after fibrinogen adsorption. However, an
increase of 13 nm in thickness was detected on silicon wafer after the fibrinogen

adsorption, as shown in Figure 5-6. All the measurements confirmed the excellent
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performance of POEGMA brushes in resisting fibrinogen adsorption.

{ ZZ2 TBS buffer without fibrinogen
70 BXXJ TBS buffer with 0.2 mg/ml fibrin

Water contact angel (°)

2900
9009,
XX
XX

2
POEGMA POEGMA-b-PMETAC PMETAC

Surfaces

Figure 5-5 Water contact angle of the surfaces before and after fibrinogen adsorption.

The advancing water contact angle was measured by the sessile drop method.

PMETAC could also adsorb proteins through electronic interactions. Figure 5-6
shows an increase of 8 nm thickness, suggesting adsorption of fibrinogen on the surface
grafted with PMETAC brushes. The water contact angle changed from 10° to 70°, close
to the typical value of a complete coverage of fibrinogen. The radio labelling experiment
gave 240 ng/cm2 fibrinogen adsorbed on the PMETAC surface, also in the monolayer

range. Figure 5-7 shows an AFM image the homogeneous surface, indicating a complete
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covered PMETAC surface. All the results confirmed a monolayer of fibrinogen on the

PMETAC surface.
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Figure 5-6 The increase in thickness on the surfaces after fibrinogen adsorption.

Figure 5-7 AFM phase image of fibrinogen on the PMETAC surface.

Based on the above fibrinogen adsorption behavior on POEGMA and PMETAC

brushes, it was hypothesized that the nanopatterns prepared in this work from
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POEGMA-b-PMETAC have the ability to pattern proteins. As illustrated in Scheme 5-2,
the PMETAC aggregates attract fibrinogen, while the POEGMA background repels the

protein. A protein pattern similar to the original polymer pattern would form.

Scheme 5-2 The fibrinogen adsorption scheme on POEGMA-b-PMETAC nanopatterns.

The protein concentration in solution is an important factor that determines the
amount of protein adsorption on the surface. Three levels of concentration were used in
this work to study. The contrasts between fibrinogen and POEGMA background as
shown in Figure 5-4 are close to those between PMETAC and POEGMA in Figure 5-2.
However, a careful examination of three images in Figure 5-8 revealed that fibrinogen
was preferably adsorbed on PMETAC with an increase in the protein concentration. The
contrast between PMETAC domains and POEGMA background increased obviously
while the fibrinogen concentration increased from 0.02 mg/ml (Figure 5-8(a)) to 0.2
mg/ml (Figure 5-8(b)). It is well known that fibrinogen tends to aggregate easily. It is
evident in Figure 5-8(b) that some fibrinogen aggregated and even covered a part of the
POEGMA background. The aggregated fibrinogen has the exactly same color as the

PMETAC domains, suggesting a complete coverage of the PMETAC domains by
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fibrinogen of 0.2 mg/ml. When the fibrinogen concentration was further increased to 1
mg/ml, more fibrinogen aggregated and covered the POEGMA background. It becomes
clear that there exists an optimal fibrinogen concentration (about 0.2 mg/ml) for a

complete coverage of the PMETAC domains but leaving POEMGA background clean.

Figure 5-8 AFM phase image of fibrinogen on POEGMA-b-PMETAC nanopatterns
after protein adsorption with different fibrinogen concentrations: (a) 0.02 mg/ml, (b) 0.2

mg/ml and (¢) 1 mg/ml.

The water contact angle after the protein adsorption at 0.2 mg/ml was 60°
between POEGMA (45°) and surfaces covered completely by fibrinogen (70°). The

surface was clearly partially covered.

The quantitative study was also carried out in the radio labelling experiment.
Increasing the thickness of PMETAC block changed the patterns from spherical to

wormlike aggregates, followed by line patterns. The adsorbed fibrinogen was also
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expected to increase with the increase of PMETAC composition. Figure 5-9 shows that

the amount of absorbed fibrinogen increased from a value close to POEGMA to that of

PMETAC.
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Figure 5-9 The fibrinogen adsorption on POEGMA-b-PMETAC nanopatterns with

different PMETAC block thickness.

5.5 Conclusion

Various nanopatterns have been introduced through the self-assembly of grafted
block copolymer brushes having two hydrophilic components. The design of two
hydrophilic components was to avoid hydrophobic areas where proteins could change

their conformations and lose their activity. The polyelectrolyte collapsed in salt solutions
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and induced phase segregation between the two hydrophilic blocks. The nanopatterns
including spherical aggregates, wormlike aggregates and line patterns were obtained by
simple adjustment of the thickness of upper block layer. The long side chains of
POEGMA brushes helped constrain the feature size to about 10 nm and fine tune the size
on a nanoscale. These patterns were reversibly switchable through treatments with

selective solvents.

The behavior of fibrinogen adsorption on these patterns was studied by
ellipsometry, water contact angle, AFM and radio labelling experiment. The results
showed that PMETAC aggregates attracted fibrinogen while the POEGMA background
repelled the protein. The polymer nanopatterns prepared in this work possessed the
ability to pattern proteins. Protein patterns identical to the original polymer patterns were

introduced with a proper level of the protein concentration.
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Chapter 6
Chain Conformation of a New Class of PEG-Based
Thermoresponsive Polymer Brushes Grafted on Silicon

as Determined by Neutron Reflectometry

This chapter is a reproduction of the following published article in Langmuir: Gao,
X.; Kucerka, N.; Nieh, M.P.; Katsaras, J.; Zhu, S.; Brash, J. L.; Sheardown, H. Langmuir

2009, 25 (17), 10271-10278. Copyright 2009 American Chemical Society.
6.1 Abstract

The thermoresponsive PEG-based copolymer poly[2-(2-methoxyethoxy)ethyl
methacrylate-co-oligo(ethylene glycol) methacrylate] (P(MEO,MA-co-OEGMA)) was
grafted onto a silicon wafer, and its chain conformation in aqueous solution was studied
by neutron reflectometry. The effects of temperature and salt concentration on the
polymer’s conformation were evaluated. With increasing temperature, it was found that
the polymer brushes underwent a transition from an extended state to a compressed state,
and eventually a collapsed state above the lower critical solution temperature. The
presence of salt significantly affected the well-extended brushes but had little effect on
compressed and collapsed brushes. This PEG-based thermoresponsive surface exhibited

good protein adsorption resistance. Interestingly, extended and collapsed brushes showed
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the same level of protein repulsion, something that was not expected.

6.2 Introduction

In past decades, surface modification techniques have played important roles in
biology and medicine fields for various purposes (e.g., antifouling of surfaces by
proteins). Recently, there have been many novel areas developed that require so-called
“smart biological surfaces”, which can respond to external stimuli such as solvent type,
pH, temperature, electric and magnetic fields, and so forth."® These smart surfaces can
alter their properties (e.g., hydrophilicity, biological activity, protein adsorption/repulsion,
cell adhesion, migration, and so forth) in response to small changes in the external
environment. In fact, there are potentially significant applications in the areas of
bioseparation, diagnostics, drug delivery, gene therapy, and implants. Furthermore,
these surfaces are able to recognize biological events by emitting measurable electronic
or opto-electronic signals. As such, they can be used as biosensors for bioanalysis,

clinical diagnosis, and environmental monitoring.

Among smart surfaces, thermoresponsive surfaces, which can respond to
temperature variations, are some of the most important (since temperature, as a stimulus,
can be easily regulated). Moderate changes in temperature close to physiological

temperature have practically little effect on the biosystem. As a result, many
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thermoresponsive surfaces have been developed. Until recently, thermoresponsive
materials have mainly been limited to poly(N-isopropylacrylamide) (PNIPAM) and its
copolymers.”” PNIPAM has a lower critical solution temperature (LCST) of 32 c,
between room temperature and physiological temperature. Below its LCST the surface
polymer brushes in solution are in the well-extended conformation. However, when the
temperature is above 32°C, the polymer chains undergo a sharp phase transition, forming
a collapsed layer. A sharp change in surface properties is thus trigged by a moderate
temperature stimulus. As a result of this property, thermoresponsive surfaces based on

PNIPAM have been developed for various applications.

Recently, a new class of biocompatible thermoresponsive material, namely,
poly(2-(2-methoxyethoxy)ethyl methacrylate -co- oligo(ethylene glycol) methacrylate)
(P(MEO,MA-co-OEGMA)), has attracted much attention.'®"®  Similar to the amide
group in PNIPAM, the oligo(ethylene glycol) in this copolymer has various
hydrogen-bonding interactions with water when temperature varies, giving its
thermoresponsive ability. This random copolymer has been shown to have a LCST in
water. The phase transition is reversible and is almost independent of external
conditions. Furthermore, the copolymer’s LCST can be readily altered (from 26 to 92
°C), simply by varying the copolymer’s composition. The great interest in these new

thermo-responsive materials lies in the fact that they are entirely constructed with
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poly(ethylene glycol) methacrylate. Poly(ethylene glycol) (PEG)-based polymers are
the most popular materials in bio-related applications because of their excellent resistance
to non-specific protein adsorption and cell adhesion, as well as their non-toxic and

non-immunogenic properties.

This new class of thermoresponsive polymer surfaces may lead to products that
will hopefully be incorporated into various biomedical devices. So far, there have only
been a few reports in the literature regarding this new thermoresponsive surface. In
2007, Huck et al.'® grafted this copolymer onto a surface using the surface-initiated atom
transfer radical polymerization (ATRP) method. The thermoresponsive collapse
transition of polymer brushes on the surface was demonstrated by water contact angle
measurements and liquid atomic force microscopy (AFM). In 2008, Lutz et al.'” used
the same type of thermoresponsive surfaces to control cell adhesion over the temperature
range between 25 —37 'C. Glinel et al.'® replaced OEGMA with a hydroxyl-terminated
oligo(ethylene glycol) methacrylate (HOEGMA) monomer. A natural antibacterial
peptide, magainin I, was then immobilized through grafting of hydroxyl group, giving an
antibacterial surface. The amount of hydroxyl reactive groups could be readily adjusted

by changing the monomer mixture composition.

Knowledge regarding the conformation of polymer brushes on a surface is crucial

when designing smart surfaces. However, obtaining such information can be
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challenging, and as such, not much is known with regard to these new materials on the
surface. Huck et al.'® used the aqueous AFM method to study variations of polymer
brush thickness in water as a function of temperature. As expected, brush thickness
decreased when the temperature was raised above the copolymer’s LCST. This work
demonstrated a novel approach in the design of PEG-based thermoresponsive surfaces for
biological and medical applications. However, it should be noted that in aqueous
solutions AFM measurements are approximate. As polymer brushes in a good solvent
are well-extended with dissolution into the solvent, the penetration of an AFM tip into
polymer brushes can further complicate matters. The measured thicknesses strongly
depend on the applied force (i.e., the stronger the applied force, the deeper the AFM tip
penetrates into the brushes). Moreover, besides brush thickness there is other useful
information (e.g., global brush conformation, water fraction surrounding the chains)

needed in order to effectively design thermoresponsive devices.

Neutron and X-ray reflectometry have emerged as powerful, noninvasive
surface/interface probes used to characterize the structures of materials on solid and

liquid surfaces.'*?

Here, we employed neutron reflectometry (NR) to study the
conformation of polymer brushes on surfaces in situ in water. Importantly, thermal

neutrons, because of their low energies (~ 10 meV), do not have any deleterious effect on

sometimes fragile polymeric samples. Neutron reflectometry is also a bulk probe giving
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rise to the average polymer brush conformation over the entire sample. The water fraction
inside the polymer brushes can also be estimated. Small changes in conformation in

different environments can be monitored by the NR method.

Another issue that needs to be addressed with regard to these new
thermoresponsive surfaces is their biocompatibility. A major advantage of this new
class of PEG-based materials lies in their protein repulsion ability. However, there are
still two concerns: First, about 90% of POEGMA have only two ethylene oxide (EO)
repeat units per side chain. Although homoPOEGMA has well been accepted as a
biocompatible material, popular candidates often have 4.5 to 9 repeat EO units. >
These new thermoresponsive copolymers with 90% POEGMA having only two EO
repeat units have more hydrophobic methacrylate backbone that may play an important
role in determining the performance of the polymer. To the best of our knowledge,
there are no reports on protein repulsion with regard to surfaces modified by this new
type of PEG-based brush. Secondly, polymer brushes might lose their protein repelling
ability in a collapsed state above LCST. Thermoresponsive surfaces have been used to

1726 For example, Rimmer et al.’® employed PNIPAM surfaces as

control cell adhesion.
culture for cells above LCST and found that the cells adhered on the collapsed PNIPAM
chains. When the temperate was decreased below LCST, the extended PNIPAM chains

expelled the cells. If these PEG-based thermo-responsive surfaces adsorb large amount
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of proteins when in the collapsed state, their potential applications could be limited. It
is also fundamentally important to investigate and understand the relationship between

polymer extension and their protein repelling ability.

The objective of this work is twofold. The first objective is to elucidate the
detailed conformations of this new class of polymer brushes on substrates immersed in an
aqueous environment, below and above the polymer’s LCST, and to study the effects of
some the influencing factors on their conformation. The second is to evaluate their
resistance to protein adsorption. In particular, we want to compare their protein

repelling performances below and above LCST.

6.3 Experimental section
6.3.1 Materials

Cu'Cl (99%), Cu"'Cl, (97%) and 2,2'-bipyridyl (Bipy) (99%) were purchased from
Aldrich and used as received. 2-(2-Methoxyethoxy)ethyl methacrylate (MEO,MA)
(95%, M, = 188.22 g/mol, Aldrich) and oligo(ethylene glycol) methacrylate (OEGMA)
(98%, M, = 475 g/mol, Aldrich) were distilled over CaH, under vacuum. Toluene
(HPLC grade, Aldrich) was stirred over CaH, overnight and then distilled twice.
Methanol (HPLC grade, Aldrich) was distilled over CaH, prior to use. Deionized water

from the Millipore water purification system had the minimum resistivity of 18.0 MQ-cm.
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Argon and nitrogen gases were of ultrahigh-purity grade. Silicon wafers (6 mm thick,
101.6 mm diameter) for neutron reflectometry experiments were purchased from Wafer
World Inc. (West Palm Beach, FL). Silicon wafers for radiolabeled protein adsorption
experiments had a thickness of 0.56 mm and were cut into 12 x 6 mm’® pieces.
Lysozyme was purchased from Sigma chemical Co. (St. Louis, MO) and used as received.
The molecular weight and dimensions of lysozyme are 14300 g/mol and 45 x 30 x 30 A°,

respectively.  All other materials were commercially available and used as received.

6.3.2 Self-assembly of initiator monolayer on silicon wafers

The surface-attachable ATRP initiator, 6-(2-bromo-2-methyl) propionyloxy
hexenyl trichlorosilane, was synthesized by the hydrosilylation of trichlorosilane with
hex-6-en-1-yl 2-bromo-2-methylpropionate. Silicon wafers were pretreated as
described previously.””  They were then immersed in a 2.5 mM solution of
6-(2-bromo-2-methyl) propionyloxy hexenyl trichlorosilane in dry toluene for 18 h, at
room temperature to form a self-assembled initiator monolayer with a thickness of 1.9 +
0.2 nm. The silicon wafers were then removed from solution, ultrasonically cleaned in
dry toluene, rinsed sequentially with toluene and methanol, and then dried in an argon

stream.
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6.3.3 Grow P(MEO;MA-co-OEGMA) copolymer brushes from surface

In a typical procedure of grafting P(IMEO,MA-co-OEGMA) copolymer brushes,
Cu'Cl (297 mg, 3.3 mmol), Cu"Cl, (44.37 mg, 0.33 mmol) and Bipy (1632 mg, 10.41
mmol) were added into a 250 mL flask. The flask was then evacuated and backfilled
with argon (procedure repeated 3 times). Degassed MEO,MA (35.76 g, 190 mmol),
OEGMA (4.75 g, 10 mmol), deionized water (66.7 mL) and methanol (33.3 mL) were
then transferred into the flask. After degassing with argon for another hour, the mixture
was transferred into a glovebox filled with ultrapure nitrogen, distributed into glass
containers with the initiator-modified silicon wafers inside. The grafting process was
carried out at room temperature for 200 min and stopped by adding a methanol solution
of Cu"Cly/Bipy, as shown in Scheme 6-1. The polymer-grafted silicon wafers were then
ultrasonically cleaned in methanol, rinsed thoroughly, and dried in an argon stream.
The comonomer ratio of MEO,MA/OEGMA in the methanol/water solution was varied
to achieve samples with different LCSTs. In this work, two ratios, MEO,MA/OEGMA =

95:5 (sample 1) and MEO,MA/OEGMA = 85:15 (sample 2), were chosen.

6.3.4 Characterization

The thickness of grafted polymer layers on silicon wafers was measured by

ellipsometry (Exacta 2000, Waterloo Digital Electronics) using a He - Ne laser (632.8
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nm). The incident angle was set to 70°. The refractive index (n) and extinction
coefficient (k) of Si (n = 3.865, k = 0.020) and SiO, (n = 1.465, k = 0) were used to
determine the SiO, layer thickness. Values of n = 1.500 and k& = 0 were used for the
initiator and polymer layers. All the measurements were conducted in air at room
temperature. A contact angle goniometer (model 200, Rame-Hart instrument Co.) was
used to measure the water contact angle of the various surfaces. The advancing water

contact angle was measured by the sessile drop method.

OH O CH,
OH  Surface initiator s:,i—QCHz—CHZQ—éO—Ié—C}—Br
OH Toluene, RT CH;
OH

Silicon wafer
Surface-initiated ATRP:
MEO,MA & OEGMA
CuBr/CuBr,/bipy, Methanol/water, RT

O CH; CH, CH,

| | I I

Si—~ CH,-CH,+-0—C—C—{C—CH,}{ C—CH,}-Br

i~{CHa~CHa g l—él 2);1(‘| 2}
Gy =0 ©=0

—+~ —+~
S
o
CH, CH,
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: bt
CH, CH,

Scheme 6-1 Synthesis procedure for P(IMEO,MA-co-OEGMA) copolymer brushes on

silicon wafer surface via surface-initiated ATRP.
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6.3.5 Neutron reflectometry experiments

NR experiments were carried out at the D3 reflectometer located at the National
Research Universal (NRU) reactor (Chalk River, ON). 2.37 A wavelength () neutrons
were chosen using a pyrolytic graphite monochromator. During the NR measurements,
the neutron incident angle () and reflected angle (26) were varied systematically, giving
rise to the specular neutron momentum transfer Q.: Q, =(4zsin@)/A. The reflected
intensity was recorded while the neutron momentum transfer Q, varied from 0.006 to 0.1
A'.  The data were normalized with respect to the incident beam intensity in order to
account for any variation due to changes in slit width. The background was determined

by offsetting the detector by +0.5° (i.e., 20 + 0.5°).

The samples were measured both in air and in aqueous solution. For the dry
condition, the silicon wafer was placed on the sample table exposed to air. In this case,
the path of the incident neutron beam was air — sample — SiO, — Si. In the case of
samples in water (D,O or D,O buffer solutions), the silicon wafer was placed in a

8

specially designed sample cell, described elsewhere.”® The incident neutron beam path

was Si — SiO, — sample — aqueous solution. The different path arrangements for dry

and wet conditions were to ensure the total reflection condition at low angles.

PARRATT 32 (BENSC, Berlin) software was employed to analyze the data. In
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the case of dry samples, a three-layer (SiO,, initiator monolayer, polymer layer) model
was used. For samples in water, a stretched parabolic decay was added to the polymer
layer, as a result of the polymer chains extending into the aqueous environment. The
stretched parabolic function used was as follows:” @ poy (2) = Do oy [l —(z/ h)z]a , where

z is the distance from the interface, ® , (z) is the polymer volume fraction at a

poly

distance z, and @ is the polymer volume faction at a distance 0. The parameters

0, poly

h and a modify the parabolic decay shape.

The best fit scattering length density (SLD, a function describing the density and
atomic composition) profile normal to the surface was obtained by minimizing the chi
squares (3°). SLD profiles were then converted to volume fraction profiles based on the
SLDs of the initiator layer, polymer layer, and D,O. The SLD of the components was
estimated from>® SLD = dN r Zb,. /M , where d is the mass density of the component, N4

is Avogadro’s number, M is the molecular weight of the component, and ¥ 5, is the sum

of the neutron scattering lengths of the various atoms making up the sample.

6.3.6 Protein adsorption experiments

Protein adsorption experiments were carried out in isotonic tris buffered saline
(TBS) with radioiodinated proteins. In this work, lysozyme was chosen as the model

protein. It is a small spherical protein with the dimension of 45 x 30 x 30 A’, suitable
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for model studies. Its adsorption behavior on polymer surfaces has been studied in our
previous work.’! The iodine monochloride (ICI) method was employed to radiolabel
lysozyme with Na125I (MP Biomedicals, Inc., Irvine, CA).>* Unbound radioactive iodide
was removed by ion exchange chromatography. The solutions for protein adsorption
contained 10% radiolabeled lysozyme. The surfaces were first kept in TBS solution for
12 h in order to completely hydrate the polymer brushes. Surfaces were then immersed
in the protein solution for 2 h allowing protein adsorption to reach equilibrium. The
samples were then put into fresh TBS solution for 5 min (3 cycles) to remove any loosely
adsorbed protein. The samples were then dried and measured by a Wizard 3" 1480
Automatic Gamma Counter (Perkin-Elmer Life Sciences) to determine the amount of

proteins adsorbed onto each surface.
6.4 Results and discussion
6.4.1 Ellipsometry and contact angle results

Ellipsometry measurements showed that the P(MEO;MA-co-OEGMA)
copolymer layers on sample 1 (S1, 5% OEGMA) and sample 2 (S2, 15% OEGMA) were
1228 A and 1161 A, respectively. Besides similar thicknesses, both samples had a

surface water contact angle of ~40°, indicative of hydrophilic surfaces.

In this work, Cu"Cl,, instead of free initiator, was added to the polymerization
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solution for good control of ATRP and high graft polymer molecular weight. There
were no free polymer chains formed in the solution. As a result, chain length and
grafting density of the grafted polymer on the surface could not be estimated. In order
to have an approximation, we adopted the grafting density data from our previous work.
In the work, homoPOEGMA brushes were grafted from silicon wafer with the same
surface-initiated ATRP method.” The only difference was the ~4.5 side chain EO units.
The grafting density was 0.26 chains/nm® and the polydispersity was around 1.3,
measured from the free polymer in solution. It was assumed that the grafting densities
of the copolymer brushes in this work were close to that of homoPOEGMA. The chain
length could then be estimated from the equation of I'=dp/M, where I"is the grafting
density, d is the layer thickness, p is the polymer bulk density, and M, is the molecular
weight. The monomer molecular weights of S1 and S2 are 202.6 and 231.2 g/mol,
respectively. A bulk polymer density of 1.0 g/cm® was assumed. The estimated chain
lengths of the S1 and S2 polymers were 1400 and 1150 OEGMA monomeric units,
respectively. It should be noted that these chain lengths could be overestimated because
the copolymer side chain length of ~2.5 EO units is smaller than 4.5 of homoPOEGMA.
The shorter side chains might yield a grafting density higher than 0.26 chains/nm?;

therefore, the real chain length could be shorter than the estimated value.

174


http:method.33

Ph.D. Thesis-X. Gao McMaster University-Chemical Engineering

6.4.2 NR measurements of dry samples

Samples were first measured in air in order to obtain the dry thickness of the
grafts and the parameters needed to subsequently model the hydrated samples. Figure 6-1
shows the NR profiles for S1 and S2 in air. The three-layer model representing SiO,,
the initiator layer, and the polymer brushes was used to fit the data. The theoretical
SLDs of Si, SiO, and air were chosen and kept constant throughout the modeling
procedure. Other parameters, including the thickness and SLDs of the initiator and
polymer layers were allowed to vary until %> was minimized. The best fits (lines) to the
data are shown in Figure 6-1, with the various model parameters summarized in Table
6-1. The thicknesses of the S1 and S2 surface polymer layers are 1185 and 1131 A,

respectively. These values are in good agreement with those obtained by ellipsometry.
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Figure 6-1 Neutron reflectivity profiles for dry samples and the best fits to the data.

The curves were offset by arbitrary factors in order to better distinguish the data.

Table 6-1 Model parameters for surface grafts in the dry state.

thickness (A)
species SLD (10-6 A-Z) measured measured from
from NR ellipsometry

Air 0.00* N/A N/A

D,0 6.34° N/A N/A

Si wafer 207 N/A N/A
a b b
o BN T
initiator layer il L 247 1o
S2 0.22° 22° 19°

polymer S1 0.81° 1185° 1228

layer S2 0.73° 1131° 1161°

% Theoretical value. ® Measured value.
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6.4.3 Thermo-responsive behavior of samples in water

Polymer brush conformations of S1 in D,O were measured at different
temperatures. The NR profiles and their best fits are shown in Figure 6-2(a). The data
were fitted using the three-layer model (i.e., SiO,, initiator, and polymer layer) along with
a stretched parabolic decay (mentioned previously). The initiator/polymer layer SLDs
and SiO; layer thickness were adopted from the dry-state measurements and were fixed
during fitting. The validity of the stretched parabolic decay for POEGMA brushes
hydrated in water has been previously demonstrated.’* Using this model, the NR data
were well fit, as shown in Figure 6-2(a). In the case of some NR data, the Kiessig fringes

were absent as a result of a diffuse polymer/water interface.

The SLD profiles of polymer brushes on the surface were determined from the
best fits to the data. They were then easily converted to polymer volume fraction profiles

by assuming that the volumes were additive. The SLD for the binary polymer/solvent

system can be written as follows: p,, (z) =@, (2)X p,,, + [1 -D,, (z)Jx Piotvent » Where
Pi(z) 1s the SLD of the polymer/solvent mixture at a distance z from the interface,

®,,,(z) is the polymer fraction at a distance z, and p,, and p,,,, arethe SLDs of

the polymer and the solvent, respectively.

The polymer volume fraction profiles of S1 at four different temperatures are
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shown in Figure 6-2(b). At 288 K, the polymer brushes were well extended into water.
The swelling ratio, defined as the thickness of the polymer layer in water divided by the
thickness of the polymer layer in dry state, was studied. In this work, the thickness of
the polymer layer in water was approximated at the distance where the polymer fraction
decreased to about 10%. At 288 K, the swelling ratio of polymer brushes in D,O was
approximately 1.8. As EO groups can form hydrogen bond with water, a hydration
layer was built up surrounding the polymer chains. As a result, the polymer chains
extended completely into water. The fraction of water inside the polymer layer was
determined to be greater than 50%, implying that water is a good solvent for

P(MEO;MA-co-OEGMA) copolymer brushes at low temperatures.
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Figure 6-2 (a) Neutron reflectivity profiles of S1 in D,O and the best fits to the data.
The curves were offset by arbitrary factors in order to better distinguish the data. (b)

Volume fraction profiles of polymer brushes.

When the temperature was increased to 298 K, there was a slight decrease in the
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polymer brushes thickness, indicative of a decrease in the affinity between EO groups
and water molecules. Although this resulted in a decreased water fraction inside the
polymer layer, the average volume fraction of water was still greater than 50%, indicating
that P(MEO,MA-co-OEGMA) copolymer brushes are still hydrophilic at this

temperature.

When the temperature was increased to 310 K (above the polymer’s LCST), the
polymer brushes collapsed, excluding much of the water from the polymer layer. This
resulted in the appearance of a distinct interface between the polymer layer and water.
The swelling ratio decreased to around 1.2, while the volume fraction of water inside the
polymer layer decreased to approximately 30%. When the temperature was increased to
323 K, the polymer layer experienced a further collapse, expelling even more water. It
should be noted that these polymer brushes could also have a parabolic decay even in the
collapsed state. However, the current simulation results gave a sharp polymer-water
interface, although the stretched parabolic decay has already been added to the model.
Because of the uncertainness of the interface roughness for these surfaces at the moment,

only the swelling ratio in the collapsed state was discussed in this work.
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Figure 6-3 (a) Neutron reflectivity profiles of S2 in D,0O and the best fits to the data.
The curves were offset by arbitrary factors in order to better distinguish the data. (b)

Volume fraction profiles of polymer brushes.
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Figure 6-3(a) shows NR reflectivity data for S2 and the best fits to the data (solid
lines) at four different temperatures. The polymer volume fraction profiles are shown in
Figure 6-3(b). For S2, the composition of OEGMA with 9 EO repeat units was
increased from 5% (S1) to 15%. As a result, its LCST in water was determined to be
around 321 K, higher than that of S1 (305 K). As shown in Figure 6-3(b), at 298 K the
polymer brushes extended into D,0, indicating a well-developed hydration layer around
the polymer chains. The swelling ratio was approximately 1.8, similar to that of S1 at

288 K.

When the temperature was increased to 310K, the polymer brushes were
obviously compressed and the swelling ratio decreased to around 1.4. An interface
formed between the water and polymer layer, which indicated that the hydration layer
surrounding the polymer chains was partially destroyed at a temperature close to the
polymer’s LCST. Despite the fact that at this temperature the polymer chains were not
as extended as those at low temperature, the volume fraction of water inside the polymer
layer was still greater than 50%, much higher than the amount of water in collapsed
polymers. At this temperature, the polymer chains were still not in the collapsed state

yet.

When the temperature was raised to 323 K, higher than the polymer’s LCST, the
polymer brushes collapsed. The swelling ratio was determined to be less than 1.2, while
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the water volume fraction inside the polymer layer was around 30%. When the
temperature was 340 K, the polymer layer swelling ratio was only around 1.1, while the

water fraction further decreased to about 20%.

6.4.4 The effect of salts

For the application in biomedical devices, the effect of salts must be taken into
consideration. Salts are well-known to change polymer solubility in water by disrupting
the hydration structure surrounding the polymer’s chains. This so-called “salting out”

35,36

effect may change LCST of the thermoresponsive polymers. As a result, the

presence of salts affects performance of the thermoresponsive behavior. On the other

hand, in some cases, this effect was employed to design “salt-responsive” polymers.>’

Polymer brush conformations in TBS buffer were measured and compared to
those in pure D,O. The results showed that salt differentially affected polymer brushes,
depending on their conformational state. In order to clarify the salt effect, polymer
brush conformations are subdivided into three states (i.e., extended, compressed, and

collapsed states), as shown in Scheme 6-2.
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Dry polymer layer in air Polymer brushes in water

Dry state Collapsed state Compressed state Extended state :
Temperature: R.T. Temperature:  Above LCST | Temperature: Closeto LCST Temperature: Below LCST
Swelling ratio: 1 Swellingratio:  ~1.2 Swellingratio: ~1.4 Swelling ratio: ~1.8

Water fraction: 0% Water fraction:  20%-30% Water fraction: >50% EWaterfraction: >50%

......... P

Scheme 6-2 Polymer brush conformation in aqueous solutions.

When the hydration layer around the polymer chains is well developed, the chains
extend deeply into the bulk water, exhibiting a swelling ratio of approximately 1.8 and a
water volume fraction of greater than 50%. The polymer brushes in this state are
defined as being extended (S1 at 288 K and 298 K, S2 at 298 K). When the temperature
is close to the polymer’s LCST, hydrogen bonds between the EO groups and water
molecules are significantly affected, with the hydration layer undergoing partial
degradation. In this case, the polymer chains are not well-extended in water. Although
water volume inside the polymer layer is still greater than 50%, the swelling ratio
decreases to around 1.4. An interface between the polymer layer and water is formed,
and the polymer brushes are described as being in the compressed state (S2 at 310 K).
When the temperature is above the polymer’s LCST, polymer brushes collapse and the
swelling ratio decreases to approximately 1.2. The water faction of the collapsed
polymer is about 30%.
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The thermoresponsive P(MEO;MA-co-OEGMA) in solution undergoes a sharp
phase transition as PNIPAM does.'”> Huck et al.”® also observed a sharp collapse
transition in their experiment. The collapse occurred within a 10 'C temperature range.
In the present work, three states were observed. However, only the transition from the
compressed state to the collapsed state is considered to be a phase transition and it is very
sharp considering that the temperature range was smaller than 10 'C. The transition of
from the extended state to the compressed state was gradual caused by the change in
swelling ratio. Both of the states had water fraction larger than 50%. There was no

phase transition happened in this range.

When the polymer brushes are in the extended state, there is a well developed
hydration layer around the polymer chains. The presence of salt had the greatest impact
on the extended polymer chains because of its significant disruption of the hydration
layer. As shown in Figure 6-4, in TBS buffer the polymer chains on S1 at 298 K were
more compressed than in pure water. Distinct changes in the swelling ratio were also
observed. Chain conformation changed from the extended state, in pure water, to the
compressed state in TBS buffer because of the partial disruption of the hydration layer by

the salt.
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Figure 6-4 Volume fraction profiles of polymer brushes.

Solid line: in pure D,O. Dotted line: in TBS buffer.

For the polymer brushes in the compressed region, for example S2 at 310 K, the
effect of salt was less pronounced. As shown in Figure 6-4, the polymer chains in TBS
buffer compressed only slightly. The reason was that the hydration structure around the
polymer brushes in the compressed state was already partially destroyed because of the
elevated temperature. As a result, when salt was added, the “salting-out” effect did not
have significant impact on the polymer conformation, as it had on well-extended polymer
chains. For collapsed polymers (e.g., S1 at 310 K), the presence of salt had no effect on
the polymer conformation, as the affinity between polymer segments was greater than

that between EO groups and water.
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6.4.5 The effect of copolymer composition

In Figure 6-5, the conformations of polymer brushes on S1 and S2 are compared
at three different temperatures in order to elucidate the effect of copolymer composition
on their thermoresponsive behavior. At room temperature (298 K), both two
composition designs gave extended polymer brushes on the surface. However, the
higher OEGMA composition brushes (i.e., S2 with 15% OEGMA) had a better affinity
for water, which enabled the copolymer chains to extend more deeply into the water.

1.0
0.9 -

S1 at 323K

S S /..s.z_a.t 323 K

S1 at 298K

/sz at 298K
0.0-

T T T T T — T S T T T
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Figure 6-5 Volume fraction profiles of S1 and S2 polymer brushes.

At around 310 K, the polymer brushes with 5% OEGMA on S1 were already in

the collapsed state, while those with 15% OEGMA on S2 were still extended. However,
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because the temperature was close to the S2 sample’s LCST, the affinity between EO
groups and water became less favorable, the polymer brushes were in the compressed
state. At 323 K, both S1 and S2 brushes were in the collapsed state, with no significant
difference in the polymer brush conformation. Moreover, they exhibited the same

swelling ratio (~1.2) and water volume fraction within the polymer layer.

6.4.6 The effect of protein

Besides salt, various proteins inside the human body may also affect the
conformation of polymer brushes. Here, we studied the possible impact of lysozyme on
polymer brush conformation. Lysozyme is abundant in some secretions, e.g., tears,
saliva, mucus, and so forth. The lysozyme used in this work is from chicken egg white.
The conformations of S1 and S2 in TBS buffer at two different protein concentrations
(i.e., 0.5 mg/mL and 1 mg/mL, respectively), were investigated. The measurements
were performed at two different temperatures, one below the polymer’s LCST, and the
other above. As shown in Figure 6-6, at the same temperature, the NR curves with
different protein concentrations overlapped. This showed that the addition of lysozyme

had no effect on polymer brushes conformation, regardless of their conformational state.
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Figure 6-6 Neutron reflectivity profiles of (a) S1 and (b) S2 in TBS buffers with
lysozyme. The curves were offset by arbitrary factors in order to better distinguish the

data.
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6.4.7 Protein adsorption resistance

As shown in Figure 6-7, the bare silicon wafer adsorbed around 800 ng/cm’ of
lysozyme at room temperature. In comparison, the amount of lysozyme adsorbed on S1
and S2 surfaces at room temperature was around 40 ng/cm® which meant a 95%
reduction in protein adsorption. Surfaces grafted with homoPOEGMA (with 4.5 repeat
EO units) brushes were also studied as comparison. As can be seen, the protein
adsorption resistance performance of S1 and S2 modified with the current copolymer
brushes was close to the surface grafted with homoPOEGMA containing 4.5 repeat EO

units.
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Figure 6-7 Lysozyme adsorption on the surfaces at different temperatures.
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In most cases, an increase in temperature results in increased protein adsorption.
For the present studies, when temperature was increased to 323 K the adsorbed protein
amount on bare silicon increased to around 1150 ng/cm®. At 323 K, the polymer
brushes on S1 and S2 were both in the collapsed state; however, the amounts of adsorbed
protein were still very low, close to those at room temperature. This finding of no
significant difference between the extended and collapsed states in protein repelling
performance is somewhat interesting. It is well-known that protein adsorption is
affected by various interactions between components in the system (e.g., protein, water,
surface, and other solutes). The change to the overall Gibbs energy determines the final
equilibrium state: AG = AH —TAS , where H, S, and T are enthalpy, entropy, and
temperature, respectively. In the case of protein adsorption, the change to the Gibbs
energy must be negative. In different systems, protein adsorption can be either

entropically or enthalpically driven.

The enthalpy is believed to be the main factor for the surfaces grafted with PEO
to resist protein adsorption. The change in enthalpy is associated with several factors
during the protein adsorption process: e.g., van der Waals, electrostatic force, hydration
forces, and hydrophobic interactions. The highly repulsive hydration force from the
surfaces with tethered PEO is the main force in repelling proteins. Here, the polymer

layers remain hydrophilic in both the extended and collapsed states, thus effectively

191



Ph.D. Thesis-X. Gao McMaster University-Chemical Engineering

reducing protein adsorption. As mentioned, at temperatures below the LCST, the
polymer chains extended deeply into water with a well-developed hydration layer
surrounding the polymer chains. However, at temperatures above the polymer’s LCST,
the affinity between polymer segments is larger than that between EO groups and water,
causing the polymer brushes to collapse. Nevertheless, the water fraction inside the
collapsed polymer layer is still greater than 20% [Figure 6-2(b) and Figure 6-3(b)], i.e.,
the polymers remain hydrophilic. ~As a result, at the polymer-water interface a hydration

layer is probably still present, effectively resisting the adsorption of protein.

6.5 Conclusions

In conclusion, PEG-based thermoresponsive surfaces were prepared by grafting
P(MEO;MA-co-OEGMA) copolymer brushes on silicon wafers via the surface-initiated
ATRP method. The detailed conformation information of the polymer brushes in
aqueous solutions as a function of temperature was obtained using the NR method.
Polymer conformation changed from the well-extended state to the compressed state, and
subsequently to the collapsed state with increased temperature. The addition of salt was
found to affect the brushes differentially, depending on the development of the hydration
layer around the polymer chains. For well-extended polymer brushes in water, salt
strongly influenced the polymers conformation, most likely by significantly disrupting
the hydration layer surrounding the brushes. On the other hand, in the case of
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compressed and collapsed polymer brushes, the addition of salt had little effect. The
presence of protein (lysozyme) in solution did not impact polymer conformation. The
current thermoresponsive surfaces were found to have good protein adsorption resistance.
Both extended and collapsed copolymer brushes gave good protein repelling

performance.
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Chapter 7

Contributions and Recommendations

7.1 Knowledge contributions of the thesis work

Surface modification with polymeric materials has been applied widely in various
fields. Recently, however, the development of surface-initiated living polymerization
methods has brought a breakthrough. A variety of well-controlled novel polymer
structures and functionalities have been introduced onto the surface by the living
polymerization technique. A large number of surfaces with new functionalities come into
being. It has been seen that the surface-initiated living polymerization technique is being
applied to more and more fields. In this work, the surface-initiated ATRP was first given
a comprehensive quantitative study that elucidated its mechanism and provided the
guidance to the applications of this technique. It was then employed in the preparation of

stimuli-responsive surfaces.

In Chapter 3, a detailed physical picture of surface-initiated ATRP was described
and, base on it, a comprehensive kinetic model was developed using the method of
moment. Combined with the experimental data, a quantitative analysis about the
surface-initiated ATRP mechanism was carried out. To our best knowledge, this work

gave the most comprehensive modeling study about the surface-initiated ATRP so far.
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All the information of the grafted polymer chains including active chain concentration,
radical concentration, chain length, polydispersity during the surface-initiated ATRP
were given. Influencing factors were investigated. Furthermore, a new radical termination
mechanism, termed as migration-termination, was proposed for surface-initiated living
polymerization. The proposed mechanism offered a good explanation for the
experimental observations. Because the crowding of polymer chains on the surface could
induce a 2-D gel-effect, a more living polymerization, resulting in longer chain length
and lower polydispersity on the surface, is believed to be possible. All this information
helps understand the mechanism of the surface-initiated ATRP and provide guidance to

the application of this technique.

In Chapter 4, the surface-initiated ATRP was employed to graft
POEGMA-b-PMMA brushes on the silicon wafer surfaces. Simple solvent treatments
were found to give nanoscale patterns via the phase segregation of the POEGMA and
PMMA segments. It was the first time for the self-assembly of block copolymer brushes
method to be employed to introduce nanopatterns to the PEG-based surfaces for potential
applications in the biological and medical fields. Various patterns including spherical
aggregates, wormlike aggregates, stripe patterns, perforated layers and complete
overlayers were obtained through adjusting the upper block layer thickness. Furthermore,

the nanopatterns prepared in this way possessed the unique stimuli-responsive property,
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switching between the different morphologies reversibly after the treatment with selective
solvents. In addition, this work for the first time demonstrated that the long side chains of
the polymer brushes could help increase the quality of this method greatly. It helped
constrain the feature size to less than 10 nm, which is the smallest size by this method so
far, and tune it on the nanoscale. It also enabled to achieve a range of surface

morphologies more clearly.

In Chapter 5, POEGMA-b-PMETAC brushes were synthesized by
surface-initiated ATRP method to introduce nanopatterns. The employment of two
hydrophilic segments was to avoid hydrophobic areas because they could change the
conformation of proteins and make them lose their activity. The collapse of
polyelectrolyte in salt solution was employed to introduce phase segregation between the
two hydrophilic segments. A variety of nanopatterns and their stimuli-responsive ability
were observed. The adsorption behaviors of fibrinogen on these patterns were thoroughly
studied by ellipsometry, water contact angel measurement, AFM and radio labelling

method.

In Chapter 6, the surface-initiated ATRP was employed to graft a new
biocompatible thermo-responsive copolymer, P(IMEO,MA-co-OEGMA), onto a silicon
wafer. This new class of thermo-responsive polymer surfaces, entirely constructed with

poly(ethylene glycol) methacrylate, may lead to products that can hopefully be
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incorporated into various biomedical devices. The thermo-responsive behavior of these
copolymer brushes was demonstrated in this work. Their chain conformations in aqueous
solution at both extended and collapsed states were for the first time shown by NR
method. The effects of temperature and salt concentration on the chain conformation
were evaluated. The protein repulsion ability of these surfaces was also studied for the
first time. The results showed that this PEG-based thermo-responsive surface exhibited
good protein adsorption resistance. It was surprising to observe the same level of protein

repulsion from the extended and collapsed brushes.

7.2 Recommendations for future work

The studies in this thesis are expected to prompt applications of the
surface-initiated ATRP technique. The further developments are recommended as

following:

7.2.1 Long-range regular patterns

The advantage of the self-assembly method to prepare nanoscale patterns lies in
its simplicity to prepare large area patterns at low costs. It is especially advantageous in
applications where only evenly distributed domains with a certain range of shapes and
sizes are required. However, its main disadvantage is that the patterns are not regular in

long-range. In other words, the patterns forming from the self-assembly of the block
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copolymer brushes are random and unpredictable, although they have uniform feature
sizes. In order to achieve long-range regular patterns via the self-assembly method,
external forces, e.g. pre-patterned substrates, electric field, mechanical flow field,
temperature gradient etc., are always required. In the current work, an electric field was
ever tried for the patterning from the phase segregation of POEGMA-b-PMETAC
brushes. However, the patterns were not aligned as expected. In future work, more efforts
are required to develop techniques which can be coupled with the current self-assembly
method to prepare controlled long-range regular patterns. That will extend the

applications of the current self-assembly method significantly.

7.2.2 Direct AFM observation on nanopatterns in different solvents

Currently, the observations of surface morphologies of block copolymer brushes
are performed by AFM in air. The conformations of block copolymer brushes in the air
differ from those in solvent. However, many applications of these stimuli-responsive
surfaces are in certain solvents. Their conformations in solvent are mainly derived from
the observation in air. As a result, the direct observation of the conformations under
corresponding conditions is essential. The difference between polymer morphologies in

air and solvent can then be compared directly.

Furthermore, the in-situ observation of this phase reconstruction is important to
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understand the phase transition. The phase conformation, reconstruction rate and
influencing factors under certain conditions can only be understood when the surface can
be observed under certain conditions. So far only one in-situ observation of responsive
polymers on surface has been reported." The image resolution from a liquid-AFM is very
low. Little information has been obtained. If the liquid-AFM method with high resolution
can be developed to give direct observation of the in-situ phase transition, it would

provide great help for better understanding these stimuli-responsive surfaces.

7.2.3 Introduce more functionalities to the nanopatterns

One advantage of employing the s-ATRP method to prepare polymer brushes is
that the obtained polymer brushes have active chain ends. Simple chemical modification
can introduce different functionalities. The modification of polymer brushes prepared by
the surface-initiated ATRP method to introduce more functionalities or specific
adsorption capacity for protein has attracted great interest recently.”> These techniques
can also be used for the current nanopatterns prepared by the surface-initiated ATRP
method to give specific adsorption ability for unique proteins or other functions. The

application of these nanopatterns can be extended greatly.

7.2.4 Systemic study on P(MEO;MA-co-OEGMA) brushes

P(MEO;MA-co-OEGMA) brushes are a new type of thermo-responsive polymers.
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Besides our work by the NR method, only a single study from Huck et al.* in 2007 was
reported on the investigation of their chain conformations. In their work, an
aqueous-AFM method was employed to measure the swelling ratio. The
thermo-responsive collapse transition of the polymer brushes on the surface was
demonstrated by the work from both groups. The chain conformation was also revealed
by NR in our work. However, more systematic work is needed before the wide
application of this new type of thermo-responsive surfaces. It is interesting to know how
the other influencing factors, e.g. copolymer composition, comonomer type, molecular
weight, end group functionality, salt type, salt concentration, etc., affect the performance
of the current thermo-responsive polymer brushes. Especially considering the
surface-initiated living polymerization has been employed to prepare these polymer
brushes, many factors including chain length, grafting density and copolymer
composition etc. can be adjusted easily. Such systemic work helps for wide applications

of this new type of the thermo-responsive surfaces in various fields.
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