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ABSTRACT

In this study several inorganic-organic hybrids and multiresponsive hybrid
polymers were prepared and characterised in detail. Especially the focus has
been on stimuli responsive materials but also on nanocomposites based on
modified montmorillonite clay. Furthermore thin SiO2-capillaries were
modified for electrophoretic separations. In all cases different controlled
radical polymerisation techniques have been used.

The modification of montmorillonite clay was conducted by surface
initiated atom transfer polymerisation. Clay was grafted with random
copolymer of butyl acrylate and methyl methacrylate and the modified clay
was further mixed with a matrix polymer with the same chemical
composition to create nanocomposite films. The relation of the
nanocomposite structure to its mechanical properties was in the main focus.
The extent of exfoliation of the clay in the composite films clearly affected
mechanical properties.

Montmorillonite clay was also grafted with pH- and thermoresponsive
poly(2-dimethylaminoethyl methacrylate). The thermoresponsive properties
of the resulting hybrid materials were compared to similar homopolymer.

 The inner walls of thin silica capillaries were grafted with a cationic
polymer, poly([2-(methacryloyl)oxyethyl]trimethylammonium chloride)
(PMOTAC). These capillaries were further used in capillary electrophoresis
to separate standard proteins, different β-blockers and low-density as well as
high density lipoproteins. The separation of the analytes was not possible
with bare SiO2-capillaries but with polymer coated capillaries good
separation of the analytes was achieved.

Hybrid materials based on mesoporous silica particles grafted with
poly(N-vinylcaprolactam-b-polyethylene oxide) (PVCL-b-PEO) were
synthesised. The challenging synthesis of these hybrids was performed as a
combination of surface initiated atom transfer polymerisation and click
reactions. Thermal behaviour and the colloidal stability of these hybrid
particles were studied. The role of the PEO block in the colloidal stability of
the particles was crucial.

Finally, multiresponsive hybrid block copolymers based on N-
vinylcaprolactam and 2-dimethylaminoethyl methacrylate was prepared. The
thermal properties of these block copolymers can be tuned by varying the
chain length of PVCL block. On the other hand the thermal behaviour of
PDMAEMA block is highly dependent on the environmental conditions like
pH and ionic strength.
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1 INTRODUCTION

1.1 BACKGROUND

The controlled radical polymerisation (CRP) techniques have developed
significantly during the last decades. This has made it possible to prepare
polymers with very narrow molecular weight distributions. Also this enables
the preparation of more complicated polymeric structures, block copolymers,
novel hybrid materials and composites.1,2,3,4 Hybrid materials are defined as
two or more segments prepared in different manner connected covalently
together.5 They also include systems where synthetic polymers are attached
to inorganic surfaces, or natural polymers. Inorganic-organic hybrid
materials and composites combine the properties of inorganic materials and
organic polymers in unique way.

Modification of different surfaces can be conducted with two fundamental
strategies, grafting to or grafting from techniques.6,7 In the grafting to
approach the polymers are first synthesised with an adequate functional
group in the chain end and it is afterwards attached on the surface of the
desired substrate. The strength of this approach is, that the polymer can be
easily characterised and the molecular weight is also easily determined. The
drawback on the other hand is that the grafting densities obtained in this
method are low due to the steric hindrance on the substrate surface. If the
molecular weight of the polymer is high the reaction becomes less efficient
due to the pronounced steric hindrance and due to the low concentration of
reactive chain ends. In the grafting from technique the polymerisation
reaction is initiated from the substrate surface which is modified beforehand
with initiating sites. The grafting from strategy allows much higher grafting
densities and thus better surface coverage of the substrate. The weak point
here is the more difficult analysis of the polymers attached onto the surface.
Novel surface initiated controlled radical polymerisation techniques allow
good control over the brush thickness, composition and architecture.7

Multiresponsive block copolymers, which in some cases can be
understood as hybrid materials, have been studied very extensively
recently.8,9,10,11,12,13 The ability of the polymer to respond to its environment
has been considered useful in many application e.g. to host and carry small
molecular drugs or other substances, sensors, actuators, etc. Many
applications involve material use in an biological environment. Several
natural polymers like proteins are able to react to multiple external stimuli
and thus multiresponsive block copolymers are potential mimics for them.
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1.2 CONTROLLED RADICAL POLYMERISATION
METHODS

The most common and widely used controlled radical polymerisation
techniques are atom transfer radical polymerisation (ATRP) and reversible
addition fragmentation chain transfer polymerisation
(RAFT)/macromolecular design via interchange of xanthates (MADIX).
These methods are applicable both in organic and aqueous media. Also the
wide range of different monomers and tolerance towards a wide range of
different functional groups has increased the applicability of these methods.
The development of these techniques has enabled the rapid development of
novel hybrid materials.

1.2.1 ATRP AND SURFACE INITIATED ATRP METHOD
ATRP is controlled radical polymerisation method which was first reported
in 1995 by Sawamoto et al14 and Matyjaszewski et al15.

Figure 1 shows the general mechanism of ATRP polymerisation. The
control of the chain growth is based on equilibrium between propagating
radicals and dormant species. The dormant species Pn-X (initiating
halide/macromolecular species) reacts with transition metal complexes in
their lower oxidation state Mtm/L, where the L is ligand. The rate of this
reaction is marked as kact. This reaction forms a propagating radical Pn· and
X-Mtm+1/L which is the deactivator-transition metal complex in its higher
oxidation state coordinated with halide. The deactivator reacts further with a
propagating radical with the rate kdeact. This deactivation reaction leads back
to the initial state. The rate of polymerisation depends on the propagation
rate kp and also on the monomer concentration. Some termination reactions
may occur but in a well-controlled ATRP reaction the amount is low.
Termination reactions happen mainly through radical coupling or
disproportionation.2,5 The low amount of termination reactions and the fact
that only a fraction of chains are active at the time leads to a narrow
molecular weight distribution.

Figure 1 ATRP mechanism
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The ATRP method has been modified to be better applied under various
conditions. One of the most important modifications has been Activators
Regenerated by Electron Transfer Atom Transfer Radical Polymerisation
(ARGET ATRP). The idea is to regenerate activators by reduction of the
copper(II) species that accumulate due to the termination reactions.16 The
reduction can be done by adding an excess amount of reducing agent like
tin(II) ethylhexanoate, glucose, ascorbic acid or metallic copper.16,17,18,19 Due
to the continuous reduction of Cu(II) to Cu(I) the amount of the copper can
be reduced significantly. This is of course beneficial in biological applications
and is more environmentally friendly.

Surface initiated atom transfer polymerisation (SI-ATRP) is a versatile
method to modify different inorganic surfaces like silica. The first step is the
attachment of an initiating site covalently or through ionic interactions on
the surface of the substrate. Silica surfaces are ideal starting materials for SI-
ATRP due to the reactive silanol groups. There are several strategies to attach
the initiating sites to the silanol groups. It can be done directly through
esterification of e.g. 2-bromoisobutyryl bromide, by using a bifunctional
initiator where the other end is a trichlorosilane group and the other contains
the initiating site or by first attaching an aminosilane on the surface and
further through amidation create the initiating site.20,21,22,23 When modifying
different layered silicates like montmorillonite clay, ion exchange reactions
are also possible. Ion exchange has been successfully utilised to intercalate
the initiating sites between the clay platelets.24,25,26,27 After the initiator has
been immobilised on the surface, ATRP polymerisation can be conducted.
This can be performed in a manner similar to a solution polymerisation.

1.2.2 RAFT/MADIX POLYMERISATION METHOD
RAFT polymerisation method was first reported in 1998 by Chiefari et al.28

MADIX polymerisation, which follows the same mechanism as RAFT was
reported at 2000 by Charmot et al.29

The basic principle of RAFT/MADIX polymerisation is presented in figure
2. In the first stage, the initiating radicals are formed by a radical initiator,
which further react with monomers. Growing polymer chains undergo
addition reaction with a chain-transfer agent’s (CTA) C=S bond and forms a
radical intermediate (step 2). This radical intermediate fragments back to the
initial growing chain and CTA or to re-initiating group R· and macro-CTA.
The reinitiating group reacts with monomers and a new polymer chain is
formed, which propagates or reacts with macro-CTA. When the initial CTA is
fully consumed the macro-CTA is only present and equilibrium, shown in
step 4, is reached. In this main equilibrium step fast exchange between active
and dormant species enables the equal growth of all chains. Termination
reactions are also possible through combination of growing radicals or
disproportionation.3,29,30,31,32
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Figure 2 Mechanism of RAFT/MADIX polymerisation

1.3 INORGANIC-ORGANIC HYBRID MATERIALS

Surface modification of different inorganic surfaces, as silica or various
metals like gold, silver and copper, with polymers has been extensively
studied during recent years.33,34,35,36 The development of modern synthetic
methods, e.g. controlled radical polymerisation methods, has made the
surface modifications rather straight forward. Several advantages can be
achieved by modifying surfaces in general. The compatibility of the particles
with its surroundings can be increased, colloidal stability can be achieved or
amphiphilicity of the surface can be improved. Also high interest has arisen
to develop smart polymer surfaces which can react to external stimuli like,
pH, ionic strength, light, or temperature.4,37

1.3.1 HYBRID MATERIALS BASED ON CLAY
The most commonly used clay is montmorillonite which consists of micron
sized particles, which are constructed of platelets. The thickness of these
platelets is ~1 nm and the width is ~100-200 nm, i.e., the aspect ratio is very
high. The platelets have permanent negative charge and they are held
together by cations like Na+ or  Ca2+.38,39 Montmorillonite is an appealing
material to prepare polymer hybrids and nanocomposites because it is easily
available and cheap. Also it has very good mechanical properties. Elastic
modulus of montmorillonite clay is ~180GPa. The properties of clay
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nanocomposites are highly dependent on the extent of separation of the clay
platelets. In many cases the most challenging part of the composite
preparation is to achieve an exfoliated structure, where the clay is dispersed
in the matrix as individual platelets.38,39,40 This increases greatly the
interfacial area between the clay and the matrix polymer. Typically the
exfoliated structure leads to good mechanical, optical and barrier
properties.41,42 Poor interfacial interaction between polymer matrix and
nanofiller leads to imperfect phase mixing. Thus the surface modification of
the nanofiller is often essential.43 The easiest method to modify the clay
surface is exchange of the cations in clay gallery with alkylammonium
surfactants.42

 The most common ways to prepare clay nanocomposites are melt
intercalation, solution blending and in situ polymerisation. In melt
intercalation the clay is mixed with molten polymer. If the polymer structure
is carefully chosen it can penetrate between the clay platelets and
intercalated or exfoliated structures are achieved.44,45,46,47,48 In solution
blending, the clay is dispersed in a solvent as individual platelets and the
polymer is dissolved in the same dispersion. After this, the solvent is
evaporated and exfoliated or intercalated nanocomposite is formed.49,50,51

The idea of in situ polymerisation systems is to polymerise the existing
monomer in the presence of clay. The strength of this approach is that the
low viscosity monomers can easily intercalate between the interlayer galleries
and eventually polymerise there. The growing polymer chains in the clay
gallery force the clay platelets apart from each other. More advanced versions
of in situ polymerisations are those where the cationic ATRP- 24,25,26,27,
RAFT- 52,53,54 or nitroxide mediated polymerisation (NMP) initiators55 are ion
exchanged between the clay platelets. This organically modified clay is then
used to initiate controlled radical polymerisation. In addition, the initiating
site can be covalently bound through silylation reactions to the silanol groups
at clay surface and this initiator modified clay is then used to start the
polymerisation reaction.56,57

Nanoclays  also have a great potential as carriers for organic molecules
like dyes, drugs and anticorrosives.58,59,60,61,62 Hydrophobic dyes and drugs
can be taken to water phase by incorporating these to clay particles through
weak interactions and then further dispersing the clay to water. In case of
anticorrosives the tubular hallyosite clay has been used as a container for the
anticorrosive agent.63,61 The outer layer of hallyosite clay can be covered with
polyelectrolyte layer which controls the release of the anticorrosive.

1.3.2 HYBRID MATERIALS BASED ON MESOPOROUS SILICA
PARTICLES

Mesoporous silica particles have been widely studied due to their high
surface area and pore volume. The size of the mesoporous silica particles
ranges from 10-20 nm to several μm. The pore size of the particles is vary 2
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nm to 50 nm.64 The large pore volume makes them ideal candidates as
vehicles for small molecular substances and poorly water soluble drugs. Also
the possibility of tuning the chemistry of pore surfaces or/and the external
particle surface increase the number of possible applications.64,65

Mesoporous silica particles have been shown to be well biocompatible and
biodegradable.66,67,68 These properties make them ideal candidates for
biomedical applications like controlled drug release, catalysis, use in tissue
engineering and magnetic resonance imaging.69,70,71,72,73

The surface modification of mesoporous silica with organic molecules or
polymers can provide enhanced lower colloidal stability in biological
environment.68 It also provides a platform to attach targeting functionality
for cellular recognition. The organic layer improves the encapsulation of drug
molecules.74,75

Targeting of SiO2-particles to certain cells e.g. cancer cells can be obtained
by attaching a targeting ligand covalently on the particle exterior. E.g. folic
acid can be used as targeting ligand. It can attach to receptors on tumour site
and particles can enter to cancer cells via endocytosis.70

Stimuli responsive mesoporous silica particles have been studied by
several groups. In this case the responsive polymer chains attached on the
silica surface act as valves to open and close the porous surface of particles.
The most commonly used thermoresponsive polymer has been poly(N-
isopropyl acrylamide), PNIPAM.76,77,78,79,80,81 PNIPAM has been widely
studied due to its lower critical solution temperature about 32˚C, which is
close to body temperature.82 Many other responsive polymers have been
attached on mesoporous silica particles like pH responsive poly(acrylic acid)
(PAA) or poly(methacrylic acid) (PMAA).83,84 In these cases at high pH (~8)
all the loaded organic molecules were effectively released due to the good
solubility of the polymer graft. In acidic conditions the polymers are
protonated and the solubility of the polymer graft is poor. Thus they collapse
on the particle surface and the pores are closed and drug release is inhibited.
Figure 3 shows schematically the drug release from SiO2-particles grafted
with pH- or thermoresponsive polymers. Some multiresponsive polymer
systems have also been utilised. One of the most popular multiresponsive
polymers in general has been poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA), which is sensitive to pH and temperature. This
multiresponsive polymer has also been grafted on SiO2-particles.85,86 In this
case the situation is opposite than with PMAA and PAA hybrids. The rapid
release of drug molecules happens in acidic conditions and the pores are
blocked by the polymer chains at high pH. Also pH and thermoresponsive
SiO2-hybrid particles have been prepared by precipitation polymerisation by
covering the SiO2-particles with crosslinked PVCL-PMAA-PEO shell. 75
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1.4 MULTIRESPONSIVE BLOCK COPOLYMERS

Responsive polymers are able to react to external stimuli like temperature,
light, redox activity, pH or chemical environment. On the other hand multi
responsive polymers are capable of reacting to two or more external
stimulus. An example of this kind of polymer is PDMAEMA, which responds
to changes in temperature and pH, as mentioned earlier.

Temperature responsive polymers are the most studied responsive
systems. Especially the water soluble temperature responsive polymers have
been widely studied due to the potential applications in biomedicine. A
thermoresponsive polymer in solution undergoes phase transition upon
heating. In aqueous solution the hydrogen bonding between polar moieties of
polymer and water molecules plays crucial role. At low temperatures
hydrogen bonding occurs and the polymer is hydrated and water soluble.
Upon heating the hydrogen bonds are broken and the hydrophobic parts of
the polymers start interacting making the polymer chains collapse and phase
separate.9 The most studied thermoresponsive polymer is poly(N-isopropyl
acrylamide), (PNIPAM).95,96 Other well-known thermoresponsive polymers
are poly(N-vinyl caprolactam), PDMAEMA, poly(2-oxazoline),
poly(oligoethyleneoxide(meth)acrylates).97,98,99,100

pH is another stimuli which is very attractive in biomedical applications
and particularly in drug delivery applications. A polymer is defined as pH
responsive if it has functionalities which can donate or accept a proton when
pH of the environment is varied. This cases the collapse of the polymer
chains in aqueous environment. These polymers are attractive in controlled
drug delivery systems due to the fact that the pH of the biological systems
can vary.9 The most typical examples of the pH responsive polymers are
polymeric carboxylic acids or amines.101

Many synthetic multiresponsive polymeric systems are block copolymers
of two responsive moieties. Many of the potential applications of
multiresponsive polymers are in biomedicine for example in drug delivery
systems or in gene transfection. Of special interest has been a combination of
pH and temperature. The simplest way to prepare temperature and pH
responsive copolymer is random copolymerisation of monomers which are
sensitive to pH and temperature. This leads to LCST behaviour which is
dependent of pH.102 The incorporation of hydrophilic comonomer in random
order increases the LCST due to the increase in hydrophilicity of the
polymer.103

Block copolymers can self-assemble to different structures like micelles,
lamellar aggregates, vesicles or hydrogels. Self-assembly is driven by non-
covalent weak interactions like electrostatic forces, hydrogen bonding, van
der Waals and hydrophobic interactions.

Some block copolymers having two or multiple separate phase transition
temperatures have also been reported. These structures are based on
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AB104,105, ABA106 or ABC106,107 block copolymers, where two or more of the
blocks are thermoresponsive and show separate LCST.

1.5 OBJECTIVES OF THE STUDY

The main objective has been to prepare different types of hybrid materials
and to see how the combination of chemically differing structural units affect
the overall properties of the materials. Inorganic surfaces like
montmorillonite clay, SiO2-particles, and SiO2-capillaries have been crafted
with polymers. Multiresponsive hybrid block copolymers have been prepared
from N-VCL and DMAEMA. All the polymerisations have been conducted
with controlled radical polymerisation reactions. Detailed characterisation of
the products and the investigation of their mechanical and thermal
properties are an essential part of the work.

Firstly, hybrid nanomaterials have been prepared of a random BuA-MMA
copolymer and montmorillonite. The strategy was the following. MMT was
grafted with fairly short copolymer chains, and the product particles were
mixed with a chemically identical polymer as was used in the grafting but
with much higher molecular weight. The question to be solved was whether
this method produces exfoliated hybrids with good mechanical properties.

MMT hybrids were also prepared by grafting the clay with a pH and
thermoresponsive polymer DMAEMA. The aim here was to see how the
negatively charged clay surface affects the behaviour of the polymer in water.

Secondly, the applicability of the surface initiated ATRP polymerisation
was studied in pursue of coating inner surfaces of SiO2-capillaries. The
polymer wanted to the surfaces was poly(MOTAC). The aim was to obtain
stable coatings to facilitate the use of the capillaries in the electrophoretic
separation of β-blockers and proteins. The aim was also to reach an
understanding on the behaviour of the grafted polymer under various
conditions.

Further, mesoporous silica nanoparticles were grafted with
thermoresponsive PVCL-b-PEO polymers. The silica particles are
biodegradable and owing to the biocompatibility of the polymers these
products may be ideal to be used as vehicles in drug delivery applications.
Owing to the high mass of the silica particles the colloidal stability is a
challenge which wanted to be overcome via chemical synthesis.

Finally, multiresponsive block copolymers were prepared by combining
two differently behaving responsive polymers, PVCL and PDMAEMA. The
purpose was to obtain polymers with several cloud points, observable upon
heating the aqueous solutions. Especially, the objective was to reveal the
details of the phase separation processes.
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2 EXPERIMENTAL

Experimental section describes shortly the synthesis and the characterisation
of the materials. The more detailed information about the synthesis and
characterisation can be found in the papers presented as appendices.

2.1 MATERIALS

2.1.1 PREPARATION OF ATRP INITIATORS ON DIFFERENT SILICA
SURFACESI-IV

This paragraph presents the synthesis of the initiator used in surface initiated
atom transfer radical polymerisations on different silica surfaces, i.e.,
montmorillonite clay, mesoporous silica particles and thin silica capillaries.
Two different strategies were used to build up an ATRP-initiator on
substrates. The first one is to build up an ATRP-initiator with two functional
groups. The first functionality is trichlorosilane which is prone to react with
silanol-groups on silica surface and the second functionality is –Br, which
initiates the ATRP polymerisation.I,III,IV The second approach is to build up
the initiator in two separate steps directly on silica surface.II In the first step
the aminopropyl triethoxysilane is reacted to the silanol groups on the
surface of clay. In the second step the amine functionality is reacted with the
2-bromoisobutyryl bromide which provides the initiating site for the surface
initiated ATRP reaction.

Figure 4. presents schematically the synthesis of the ATRP-initiator with
trichlorosilane functionality. In step 1 undecen-1-ol was reacted with 2-
bromoisobutyrylbromide in the presence of pyridine in dry THF. The
reaction was conducted at room temperature overnight. The reaction mixture
was diluted with hexane and washed with 2M HCl. The organic phase was
collected and dried with sodium sulphate and further the solvent was
evaporated. The colourless oil-like product was purified with flash
chromatography. This product, 10-undecen-1-yl-bromo-2-methylpropionate
was utilised in step 2 to obtain the initiator with the trichlorosilane-
functional end group. 10-undecen-1-yl-bromo-2-methylpropionate was also
used in thiol-ene reaction in article V. In step 2, 10-undecen-1-yl-bromo-2-
methylpropionate was reacted with trichlorosilane in the presence of
Karstedt catalyst H2[PtCl6]·H2O. The reaction was conducted at room
temperature for 5 h. At the end of the reaction, the mixture was diluted with
15 mL of dry toluene. The product was purified by pouring through a short
sodium sulphate column to remove catalyst and further by evaporating the
dichloromethane and unreacted trichlorosilane. This initiator has been
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covalently bound on montmorillonite clay (article I), on mesoporous silica
particles (Article IV) and on the inner surface of silica capillaries (article III).
The attachment of initiator on different silica surfaces is shown in step 3 in
figure 4. In this step the initiator has been reacted with silanol groups on the
silica surface in a presence of triethylamine (TEA) in dry conditions.
Unreacted initiator has been removed by washing with toluene, methanol
and dichloromethane. Products were finally dried under vacuum or under
nitrogen flow in the case of capillaries.

Figure 4 Synthesis of ATRP initiator and modification of SiO2 surfaces

The second strategy applied to build an ATRP initiator on a silica surface is
schematically shown in figure 5. (Article II) In the first step the
aminopropyltrimethoxysilane was reacted with the silanol groups on the
montmorillonite clay surface. The reaction was conducted in dry THF at
room temperature over night. The clay was filtered, and unreacted
aminopropyltrimethoxysilane was removed by washing with methanol and
THF. In the second step amino-functionalised clay was dispersed to dry THF
and triethylamine was added. The reaction mixture was cooled in an ice bath
and 2-bromoisobutyryl bromide was added drop wise to the mixture. The
reaction was stirred for 72 h at room temperature. The clay was filtered,
washed repeatedly with water, THF and methanol and finally dried in
vacuum.
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Figure 5 Preparation of the ATRP initiator directly on clay surface in two separate steps.

2.1.2 PREPARATION OF MADIX CHAIN TRANSFER AGENTV

The MADIX-CTA was prepared by modifying the method of Destarac et al.31

and is described in detail in article V. The MADIX-CTA was utilised to
polymerise PVCL in controlled manner.

Figure 6 Synthesis of MADIX-CTA O-ethyl-S-(methoxycarbonyl)-ethyl-dithiocarbonate

2.1.3 MODIFICATION OF MONTMORILLONITE CLAY WITH METHYL
METHACRYLATE AND BUTYL ACRYLATEI

The surface initiated ATRP reaction was carried out on the surface of
initiator modified montmorillonite clay. The preparation of initiator
modified clay is shown earlier in figure 4. The polymerisation of MMA and
BuA (Figure 7) was carried out in bulk monomer solution or DMSO as a
solvent. The ratio of the monomers in feed was 87 mol-%/13 mol-%
BuA/MMA in all cases.  CuBr, 2,2-bipyridyl was utilised as a radical source.
The reaction temperature was 90˚C and reaction time was 3 h in case of bulk
polymerisation and 24h in case of DMSO as solvent.

Figure 7 SI-ATRP of MMA and BuA on the montmorillonite clay
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Polymer chains were detached from the clay surface for further analysis.
The detachment was carried out by dispersing the clay in THF in a Teflon
tube and adding hydrofluoric acid in the dispersion. The mixture was stirred
at room temperature for 3h. Detached polymer was purified by precipitation
and dialysis.

BuA-co-MMA matrix polymer was prepared by surfactant free emulsion
polymerisation.

Composite films were prepared by mixing the BuA-co-MMA grafted clay
with the matrix polymer prepared in emulsion. Composite films were solvent
cast on petri dishes covered with Teflon fabrics. Films were cast from toluene
and the amount of clay in the composite films was varied between 1-5 w%
respectively.

2.1.4 MODIFICATION OF MONTMORILLONITE CLAY WITH DIMETHYL
AMINOETHYL METHACRYLATEII

Thermoresponsive DMAEMA was polymerised by using ARGET-ATRP
(activators regenerated by electron transfer ATRP) method on initiator
modified montmorillonite. The synthesis of initiator modified clay is shown
earlier in figure 5.  Typical polymerisation (see figure 8) was conducted by
dispersing the initiator modified clay to a DMF/monomer solution and
adding Cu0 and CuCl. Reaction mixture was flushed with nitrogen and heated
to 80˚C. Polymerisation was started by adding ligand PMDETA to the
mixture. Reaction time was 17h. The product was purified by precipitation in
hot water and dialysis.

The detachment of the polymer chains, for further analysis, from the clay
surface was done with hydrogen fluoride in similar manner as described in
chapter 2.1.3. The reaction was conducted over night at room temperature.

 The synthesis details are listed in table 1 and the molar mass data in table
2.

Figure 8 SI-ATRP of DMAEMA on montmorillonite surface



Experimental

24

Table 1. Syntheses of clay-DMAEMA hybrids

Nr. Init.Clay
(g)

DMAEMA
(mL)

DMF
(mL)

Cu(0)
(mmol)

Cu(I)X
(mmol)

PMDETA
(mmol)

1 2.001 125 50 0.27 1.27 1.29
2 2.00 75 75 0.2 1.27 1.29
3 4.76 35 150 0.39 0.91 0.86

Table 2. Molar masses of the grafted PDMAEMA chains and amount of clay in the hybrid
material

Polymer Mn (g/mol) PDI m-% clay
1 282 000 1.4 6.9
2 232 000 1.6 5.5
3 51 000 1.6 44.0

2.1.5 MODIFICATION OF SILICA CAPILLARIESIII

The SiO2-capillaries for electrophoretic separations of basic proteins and
different β-blockers were modified with SI-ATRP of [2-
(methacryloyl)oxyethyl]trimethylammonium chloride (MOTAC). SI-ATRP
was performed on the inner surface of the initiator modified SiO2-capillaries.
The attachment of the initiator is shown in figure 4. The initiator was
attached by flushing the capillary with the initiator solution for 20 min and
subsequently with a triethylamine/methanol (v/v, 1/1) solution for 5 min.
This procedure was repeated five times. After this the capillary was sealed
and left standing for 24h. The capillary was purified by flushing it with
toluene, methanol and dichloromethane. Prior to the polymerisation the
capillary was flushed with N2. The polymerisation of [2-
(methacryloyl)oxyethyl]trimethylammonium chloride (MOTAC) (see figure
9) on surface was conducted by flushing the capillary with monomer solution
for 80 min. Capillary was sealed and left for 24h. Purification of capillary was
performed by flushing it with water and BGE-solution.
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Figure 9 SI-ATRP on silica capillaries

Also poly([2-(methacryloyl)oxyethyl]trimethylammonium chloride)
(PMOTAC) homopolymer was prepared as a reference. The polymerisation
was conducted by RAFT technique using cyanomethyl methyl(phenyl)
carbamodithioate as the chain transfer agent. This polymer was used as a
model compound, to study how the change in buffer conditions affects the
capillary wall.

2.1.6 MODIFICATION OF MESOPOROUS SILICA PARTICLESIV

Mesoporous silica particles were modified with poly(N-vinyl caprolactam)-b-
poly(ethylene oxide) block copolymer. The block copolymers were produced
by first polymerising N-vinylcaprolactam on silica surface and then further
by using click reaction to attach the PEO block to the end of PVCL.

The polymerisation of N-VCL with ATRP reactions is highly challenging.
There are only few reports in literature where ATRP method has been used
successfully to produce PVCL. In all cases the control over the molecular
weight distribution is questionable.108,109,110,111 In most of the cases ligand has
been 5,7,7,14,14-hexamethyl-1,4,8,1,1-tetraazacyclotetradecane
(Me6Cyclam). The ligand and also the solvent system plays a crucial role in
the polymerisation of N-VCL. The ligand, Me6Cyclam, was synthesised
according to Hay et al.112 The structure of the Me6Cyclam is presented in
figure 10.

The preparation of initiator modified SiO2-particles is described earlier in
figure 4. The surface initiated ATRP of N-VCL is shown in figure 11. The SI-
ATRP of N-VCL was conducted at 80˚C and the reaction time was 17h.
Ligand catalyst system used was Me6Cyclam/CuBr/CuBr2. The product was
purified by precipitating from hexane, filtered and dried. Finally the product
was dispersed to water and dialysed. The pure SiO2 grafted with PVCL was
freeze dried. In the next step the –Br end group was changed to an azide for
the azide-alkyne cycloaddition reaction. The PVCL grafted silica particles
were dispersed in DMF and concentrated NaN3 in DMF was added. The
reaction mixture was stirred at room temperature for 3 days. Product was
precipitated in diethylether, collected and finally dried.  In the next stage
alkyne-functionalised PEO was synthesised. The synthesis was based on the
method of Gao et al.113 To modify only one end of the PEO chain the
stoichiometry of the reaction was adjusted and the amount of pentynoic acid
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was low (1.25 mmol of pentynoic acid and 2.5 mmol PEO). After this step the
functionalised PEO was reacted with azide functionalised SiO2-PVCL
particles via copper catalysed azide-alkyne cycloaddition reaction. The
reaction was conducted in DMF in the presence of a CuBr, PMDETA catalyst
system. The product was precipitated from diethyl ether, collected and dried.
After this it was dispersed in water and dialysed.

Figure 10 Structure of 5,5,7,12,12,14-hexamethyl-1,4,8,11-tetra-azacyclotetradecane
(Me6Cyclam)

Figure 11 Scheme of SI-ATRP of PVCL, propargyl-PEO and the click reaction of PEO on
SiO2-PVCL particles

Polymer chains were detached from the SiO2-particles with hydrogen
fluoride for further analysis. The SiO2-PVCL-PEO particles were dispersed in
THF in a Teflon tube. Hydrogen fluoride was added and the reaction mixture
was stirred for 1.5 h at room temperature. Reaction mixture was dialysed
against water and final product was freeze dried.
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2.1.7 SYNTHESIS OF BLOCK COPOLYMERS OF N-VCL AND
DMAEMAV

The preparation of multiresponsive polymer hybrids was performed by
utilising MADIX, click-chemistry and ATRP techniques. The synthesis is
described in detail in article V in appendix. The synthesis has been presented
schematically below in figure 12.

 PVCL was first synthesised with MADIX polymerisation. The chain
transfer agent was O-ethyl-S-(methoxycarbonyl)-ethyl-dithiocarbonate and
AIBN was used as initiator. The polymerisation was carried out in dioxane at
60˚C for 22 h. The product was purified by precipitating into hexane twice.
Table 3 shows the details of the synthesis and molecular weights of PVCL
homopolymers.  In the next stage the dithiocarbonate end group was reduced
to thiol with sodium borohydride in MeOH. The reaction was carried out at
room temperature for 3 days. The polymer was purified by dialysis. Further
the thiol end group was reacted with 10-undecen-1-yl-bromo-2-
methylpropionate through thiol-ene reaction. The reaction was performed in
dioxane at 60˚C for 24h. The radical source was AIBN. The product was
purified by precipitating from hexane. In the last stage of the synthesis
DMAEMA was polymerised by using PVCL-Br as a macroinitiator. The
catalyst ligand system was CuCl/CuCl2/HMTETA and the solvent was
anisole. The reaction was conducted at 80˚C for 5h. The product was purified
by precipitating from hexane and further by dialysis. In table 4 the details of
synthesis of the block copolymers and their molecular weights are presented.

Figure 12 Synthesis of multiresponsive block copolymer PVCL-b-PDMAEMA
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Table 3. Synthesis of PVCL homopolymers

Ma CTAa AIBNa Mn(g/mol)b Mw(g/mol)b PDIb

PVCL63 200 1 0.2 9000 11400 1.27
PVCL196 400 1 0.2 27500 32300 1.17

aMolar ratio of monomer/MADIX-CTA/AIBN=M/CTA/AIBN
bMeasured by SEC

Table 4. Synthesis of PVCL-b-PDMAEMA

DMAEMAa PVCL-Bra HMTETAa CuCla CuCl2a Mnb PDIc

PVCL63-b-
PDMAEMA101

200 1 1 0.85 0.15 24900 1.41

PVCL196-b-
PDMAEMA174

200 1 1 0.85 0.15 54900 1.51

aMolar ratio of DMAEMA/PVCL-Br/HMTETA/CuCl/CuCl2
bObtained by 1H-NMR, unit g/mol
cObtained by SEC

2.2 CHARACTERISATION

2.2.1 STRUCTURE OF THE SYNTHESIS PRODUCTS
The structure and purity of synthesis products were analysed with 1H-NMR
and also if needed with 13C-NMR. Also FTIR was used to characterise the
modified silica surfaces. Molecular weights of the synthesised polymers were
determined by size exclusion chromatography or matrix assisted laser
desorption/ionisation time of flight (MALDI-TOF) mass spectroscopy. In size
exclusion chromatography the eluent has been in all cases THF with
tetrabutylammoniumbromide salt 1 mg/mL and 1% of toluene as flow
marker. Narrow molecular weight poly(methyl methacrylate) (PMMA)
standards have been utilised to perform the calibration.

2.2.2 THERMAL AND MECHANICAL PROPERTIES
Thermogravimetric analysis (TGA) of grafted montmorillonite and
mesoporous silica particles was conducted. These measurements provided
information about organic material attached on SiO2-surfaces.  Samples
were heated from 25˚C to 700 ˚C or 800˚C at 10˚C/min under N2-
atmosphere.
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Mechanical properties of montmorillonite clay composites based on BuA
and MMA were studied with dynamic mechanical thermal analysis (DMTA).
Dynamic measurements as a function of temperature were performed with
oscillation frequency of 1 Hz and oscillation strain 0.250%. Samples were
heated from -100˚C to 250˚C at 3˚C/min. Stress-strain measurements were
performed at 25˚C and the force ramp rate was 1 N/min.

Microcalorimetry of clay grafted with PDMAEMA, SiO2-PVCL-PEO
particles and PVCL-b-PDMAEMA was used to monitor the thermal collapse
of the polymers. In the case of clay grafted with PDMAEMA the sample
concentration was 5 mg/mL and samples were prepared in buffer solutions
having pHs 7, 8 and 9. The SiO2-PVCL-PEO sample concentrations were 4
mg/mL in pure water. PVCL-b-PDMAEMA samples were prepared in
phosphate buffers pHs 6, 7, and 8 and the concentrations of the samples
were 3 mg/mL. The pH of the samples was adjusted to 6, 7, and 8 with 0.1 M
H3PO4. The enthalpy values calculated from the measurements are always
given per repeating unit of polymer.

2.2.3 MICROSCOPY
Transmission electron microscopy (TEM) was used to study the exfoliation of
montmorillonite clay grafted with BuA-co-MMA. Scanning electron
microscopy (SEM) was used to study the size and surface structure of
mesoporous silica particles grafted with PVCL-b-PEO.

2.2.4 OTHER METHODS
Small angle X-ray scattering (SAXS) was used to gather information about
the exfoliation of the montmorillonite clay modified with BuA and MMA.

Zeta potentials of PMOTAC homopolymer, SiO2-PVCL-PEO particles and
PVCL-b-PDMAEMA hybrid block copolymers were measured as a function of
pH or temperature. The temperature was varied between 20˚C and 7o˚C.
The temperature increments were 2˚C or 5˚C and prior to each measurement
the sample was equilibrated 10 or 15 min.

Turbidity of the SiO2-PVCL, SiO2-PVCL-PEO and PVCL-b-PDMAEMA
were measured in aqueous dispersions or solutions as a function of
temperature. Heating and cooling rate was 1˚C/min in all cases. The samples
were equilibrated prior to the measurement at the starting temperature for
30 min.

Fluorescence spectroscopy was used to study the thermal behaviour of
PDMAEMA grafted montmorillonite clay and free PDMAEMA chains. The
fluorescence spectra were recorded as a function of temperature at 20-60˚C
(pH 9.3), 20-80˚C (pH 8.3) and 60-95˚C (pH 7.8) with 5˚C intervals.
Samples were equilibrated prior to the measurement for 30 min and each
temperature 15 min before recording the spectra. The excitation wave length
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was 375 nm and emission was observed between 400 and 700 nm. Slits were
3 nm for excitation and 1 nm for emission. The sample concentration was 1
mg/mL in water. 20 μL of 1-anilino-8-naphtalenesulphonic acid ammonium
salt stock solution (0.01 M in water) was added to 3 mL of sample.

Capillary electrophoretic separations of three different basic proteins (α-
chymotrypsinogen, cytochrome C, lysozyme), human lipoproteins (low
density lipoproteins (LDL) and high density lipoproteins (HDL)) and 5
different β-blockers (labetalol, metoprolol, atenolol, pindolol, alprenolol)
were performed. Capillaries used in the separations were grafted with
PMOTAC. The sample concentrations were 0.5 mg/mL for basic and
lipoproteins and 0.2 mg/mL for β-blockers. The background electrolyte
solutions were phosphate and acetate buffers pH 3-8 and the ionic strength
was 10-40mM. The voltage between the electrodes was -5 to -20kV. Sample
injection time was 2 s at 50 mbar.  Analytes were detected by UV-detector at
200 nm and 214 nm.
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3 RESULTS AND DISCUSSION

3.1 MONTMORILLONITE GRAFTED WITH METHYL
METHACRYLATE AND BUTYL ACRYLATEI

Montmorillonite clay was grafted by SI-ATRP method. The polymerisations
were made in bulk monomer solution or with DMSO as a solvent. The effect
of the reaction conditions on the exfoliation of the clay was studied by SAXS
and TEM. Also the mechanical properties of the composite films were studied
by dynamic mechanical analysis.

The exfoliation of the clay platelets is highly desirable when good
mechanical, barrier, etc properties of composite films are aimed for. SAXS
results and TEM images together showed that the reaction medium, where
the in situ polymerisation was carried out, plays an important role in the
exfoliation. When the polymerisation of BuA and MMA was done in bulk
monomer solution the SAXS result (figure 13) showed a clear maximum at
around 0.33 Å-1, while with pure montmorillonite the maximum was at 0.43
Å-1. This shows that the interlayer distance has slightly increased from 1.45
nm (pure montmorillonite) to 1.87 nm. This suggests that an intercalated or a
partially exfoliated structure has been achieved. When the polymerisation
was conducted in DMSO, a broad maximum can be seen. This maximum is
similar to that observed for pure poly(BuA-co-MMA) matrix polymer (see
figure 14). This suggests that the clay has been fully exfoliated. The modified
clay was mixed with poly(BuA-co-MMA) matrix polymer and films were cast.
SAXS of the composite films (figure 14) revealed that the structure of the clay
did not change during the film preparation process. Composites made of clay
modified in bulk monomer solution showed similar maxima as earlier. TEM
images (figure 15) of composite films containing 3% of clay were very well in
agreement with the SAXS results. Images showed that when the modification
was done in bulk monomer solution some larger particles were present, while
performed in DMSO, larger particles were not observed and a fully exfoliated
structure was achieved.
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and 232 000 g/mol respectively. PDMAEMA is a cationic weak
polyelectrolyte, which thermoresponsive properties can be easily tuned by
changing the pH of the environment. Here the effect of grafting the
PDMAEMA on the negatively charged clay and the effect of pH on the LCST
was studied by microcalorimetry and fluorescence spectroscopy.

The microcalorimetry revealed that the pH has a significant effect on the
LCST and also on the enthalpy of the collapse of the chains. The LCST drops
significantly to lower temperatures when the pH is increased. Similar
behaviour has been reported by Plamper et al.98 Also the enthalpy (ΔH) of
the transition is greatly affected by pH. The enthalpy decreases significantly
when pH is increased (see table 5). These observations are related to the
protonation of the polymer chains. When pH is increased the polymer is in a
less protonated form and can compress more easily. When PDAMEMA is
attached on a clay surface it can be seen that, with shorter polymer
(Mn=51 000 g/mol) the enthalpy is higher than the ΔH of free polymer at pH
7.8. With the longer polymers at pH 9.3 the difference between the
enthalpies of grafted and free chains is not significant. This is due to the fact
that PDMAEMA is almost fully deprotonated and behaves like a neutral
polymer. This also leads to a situation where the interactions between the
negative clay platelets and PDMAEMA are negligible. At pH 8.3 the enthalpy
of grafted chains is higher than with free polymer. At pH 7.8 the enthalpy
values for free polymer is higher than with grafted chains. As a conclusion it
can be said, that a decrease of pH increases the interactions between the clay
platelets and PDMAEMA.

Figure 19 Heating thermograms of PDMAEMA (282 000 g/mol) solutions with pH 7.8, 8.3 and
9.3
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Figure 20 Heating thermograms of clay grafted with PDMAEMA dispersions with pH 7.8, 8.3
and 9.3 (232 000 g/mol, 6% clay)

Table 5. Calorimetric data of PDMAEMA and montmorillonite grafted with PDMAEMA

Mn

(g/mol)
pH ΔHheating

(kJ/mol)
ΔHcooling

(kJ/mol)
Tpeak

(˚C)
PDMAEMA

282 000 7.8 11.05 10.28 77.9
282 000 8.3 2.89 3.19 52.0
282 000 9.3 1.84 1.75 32.5
51 000 7.8 6.35 7.15 76.2

Clay grafted with PDMAEMA
232 000 7.8 8.89 9.66 75.8
232 000 8.3 3.97 4.36 52.9
232 000 9.3 1.92 1.86 32.8
51 000 7.3 8.56 9.51 76.7

Fluorescence spectroscopy was used with 1,8-ANS as a fluorescent probe.
When the samples reached the phase transition temperature of PDMAEMA
or the clay grafted with PDMAEMA the intensity of the emission increased
significantly due to the scattering from the phase separated polymer. The
maximum of the emission was at ~470 nm and was not affected by the phase
transition at pH 9.3 and 8.3. This shows that the polymer is rather neutral
and the polarity of the surroundings of the probe did not change. At pH 7.8
the emission maximum changed from 491 to 469 nm. This indicates that the
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polarity of the surroundings change and the environment of the probe is less
polar than below the phase transition temperature.

The anisotropy measurements show that the mobility of the probe
increases above the phase transition. The fluorescent probe is squeezed out
from the polymer coil during the phase shift.

3.3 SILICA CAPILLARIES MODIFIED WITH MOTACIII

The modification of the inner wall of thin SiO2-capillaries was carried out by
SI-ATRP. The PMOTAC coating was achieved and the as proven by FTIR
measurement. PMOTAC modified capillaries were utilised in capillary
electrophoresis (CE) to separate basic proteins and different β-blockers. The
repeatability and reproducibility of the coating was estimated by measuring
the electro-osmotic flow (EOF) mobility. The EOF marker was DMSO.

FTIR spectrum was measured after each synthesis step and these are
shown in figure 21. The unmodified SiO2-capillary showed only two peaks
around 1100 and 805 cm-1. FTIR showed after attaching the ATRP initiating
group through silylation showed the same strong signals as the neat SiO2-
capillary and also very weak –CH2- signals at 2922 and 2852 cm-1. After
polymerisation of MOTAC  a strong carbonyl signal at 1727 cm-1 and strong –
CH2- signals between 2957-2858 cm-1 appeared.

Figure 21 FTIR of different reaction steps: a) unmodified fused-silica capillary, b) silylated
capillary, and c) capillary coated with poly([(2-
methacryloyl)oxyethyl]trimethylammonium chloride) coating.

The EOF mobility was investigated as a function of pH. The anodic EOF
decreased when pH was increased (figure 22). This was due to the decrease
of positive net charge of PMOTAC coating caused by the interactions between
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the BGE counter ions and the coating. The EOF remains rather constant
between pH 3-5 and this range was used in CE separations. To explain the
change in EOF mobility as a function of pH, the hydrodynamic dimensions
and zeta potential of PMOTAC homopolymer was investigated in at the same
conditions.

Figure 22 Effect of pH on the EOF mobility on PMOTAC coated capillary

The mean average diameter of the PMOTAC homopolymer decreased when
pH was increased (figure 23) and also the zeta potential decreased
significantly between pH 5-6 (figure 24). The solubility of polycations is
significantly dependent on the counter ion.118,119 The counter ion
concentration changes significantly with pH and this causes the change in
PMOTAC behaviour. Due to this fact the EOF mobility decreases significantly
when pH is increased.

The stability of the covalently coated capillaries was studied with DMSO
as an electro-osmotic flow marker. Capillary-to-capillary and day-to-day
reproducibility was found to be excellent. Also the long term stability was
very good and the capillaries were well operating after 1 month. This result
was very significant compared to earlier studies where PMOTAC coating was
attached on capillaries through electrostatic interactions.120
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Figure 28 Transmittance of aqueous 0.1 mg/mL SiO2-PVCL and SiO2-PVCL-PEO dispersions
vs. temperature upon heating and cooling 1 ˚C/min.

Zeta potentials of the functionalised particles were studied to understand the
behaviour of the particle surface layer as a function of temperature (figure
29). SiO2-PVCL shows higher zeta potential values throughout the
temperature range than the SiO2-PVCL-PEO particles. Also some difference
in zeta potential values upon heating and cooling can be observed. SiO2-
PVCL-PEO particles show a much more reversible behaviour and this
indicates again higher colloidal stability of the SiO2-PVCL-PEO. The surface
of the particles is also more negatively charged which naturally affects the
colloidal stability.
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4 CONCLUSIONS

Different inorganic/organic hybrid materials were synthesised by using
surface initiated atom transfer polymerisation method. SI-ATRP was
combined with other techniques like click reactions. Also multiresponsive
block copolymers were prepared combining MADIX polymerisation, thiol-
ene chemistry and ATRP. The resulting hybrid materials were characterised
with various methods or further utilised in separation of five different β-
blockers, three basic proteins and lipoproteins in capillary electrophoresis.

The montmorillonite clay surface can be modified with covalent grafting
of polymers by using SI-ATRP methods. The initiator site can be built on the
particles in several different methods utilising silane chemistry. Two
different materials based on montmorillonite were prepared and studied in
detail.

First, nanocomposite based on hydrophobic butylacrylate and methyl
methacrylate was synthesised and composite films were prepared by solvent
casting. The modification of the clay surface improved the mixing of the clay
with the matrix polymer of the same chemical composition as the grafts.
Moreover, the modification of clay led to an exfoliated nanocomposite
structure which led to improved mechanical properties of the nanocomposite
films.

In the second study a hydrophilic thermo- and pH-responsive polymer
PDMAEMA was grafted on the clay surfaces. In this case the idea was to
study the effect of grafting on the thermal properties of PDMAEMA. The
thermal properties of PDMAEMA grafted on clay were compared to the
thermal properties of a similar free polymer. Analysis was performed by
using fluorescence spectroscopy and micro-calorimetric measurements. The
phase transition of PDMAEMA grafted on the clay surface is strongly
dependent on the pH of the environment. Also the electrostatic interactions
between the positively charged polymer and negatively charged clay platelets
affect the LCST behaviour.

The inner surface of the SiO2-capillaries was grafted with PMOTAC and
further these capillaries were utilised in capillary electrophoresis to separate
cationic analytes like basic proteins and β-blockers. The coating of the
capillary is essential to prevent the adsorption of the analytes on the
negatively charged silica wall. In this case good capillary performance was
achieved and the capillaries remained stabile for long periods. Good
separation of above mentioned analytes was achieved.

Mesoporous SiO2-particles were grafted by PVCL-b-PEO resulting in
thermoresponsive hybrid particles. The modification of the particles was
performed by combination of SI-ATRP and click reactions. The particles
showed LCST around 35˚C in pure water and the transition was highly
reversible. The surface charge of the particles was also dependent on the
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temperature. Particles below LCST were almost electroneutral but above
LCST the surface charge was clearly negative. The colloidal stability of the
particles was clearly improved after addition of PEO-block

In the last case a multiresponsive block copolymer based on PVCL and
PDMAEMA was synthesised. The block copolymers showed two separate
LCSTs. The LCST and the enthalpy of the phase transition of the PDMAEMA
block were highly dependent on pH. This was shown also in the case of
PDMAEMA grafted to clay. On the other hand the LCST of the PVCL block
was dependent on the block length to some extent.
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