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So true funny how it seems
Always in time, but never in line for dreams
Head over heels when toe to toe
This is the sound of my soul
This is the sound
I bought a ticket to the world
But now I've come back again
Why do I find it hard to write the next line?
- Kemp G. / Spandau Ballet

ABSTRACT
Binding of a flexible polymer chain to a surface or air-water interface affects
its conformational freedom. A polymer covalently grafted to a surface can
adopt three dimensional conformations, limited however by interactions with
the surface and the neighboring chains. A dense grafting of polymers forces
the polymers to adopt more elongated conformations than what they would
take in solutions or amorphous solid state. On the other hand, strong
interactions between the polymer and the surface cause the polymer to
adsorb to the surface.
The air-water interface is a two dimensional space. Also in this space,
polymers are more elongated than in solutions. Certain polymers that are
insoluble in water can form monolayers at the air-water interface. Water
soluble polymers can be anchored to the surface with hydrophobic moieties,
so that the polymers do not dissolve into the bulk of the solution during the
deformation of the interface.
In this work, controlled radical polymerization techniques have been
utilized in the syntheses of polymer grafted gold, silver and clay
nanoparticles. Gold nanoparticles were grafted with the well-known
thermoresponsive poly(N-isopropyl acrylamide), PNIPAM, and poly(Nisopropyl acrylamide-co-N-propyl acrylamides), P(NIPAM-NPAMs). The
particles were either dispersible or non-dispersible in water. Monolayers of
the polymers and polymer grafted gold nanoparticles formed on an air-water
interface were characterized using a Langmuir trough.
Silver nanoparticles grafted with soft acrylate copolymers, poly(butyl
acrylate-co-methyl methacrylate) were produced to be used in antimicrobial
coatings. A block copolymer with an oligomeric acrylic acid block located at
the surface of the silver nanoparticles proved to be an optimal choice. The
short hydrophilic block promoted the dissolution of silver ions from the
coating and also produced the most homogenous particles.
Thermoresponsive properties of poly(dimethylaminoethyl methacrylate),
PDMAEMA, are strongly affected by the grafting of the polymer to
montmorillonite clay nanoparticles. PDMAEMA is a weak polyelectrolyte and
thus the charge of the polymer chains can easily be tuned by altering the pH
of the solutions. Increasing the charge of the polymer by lowering the pH of
the dispersions, or increasing the relative amount of clay in the hybrid
material, had significant effects on the thermo responsive properties of
PDMAEMA. Both factors change the polymer-polymer and polymer-clay
interactions.
Increasing the isotacticity of the thermoresponsive polymers PDMAEMA
and PNIPAM affects the phase transition at the lower critical solution
temperature. In fact, PNIPAM loses its water solubility when the isotacticity
is high enough. The effect of increased isotacticity on the phase transition of

PDMAEMA was investigated by micro calorimetry and by measuring the zeta
potentials of the polymers. The interfacial properties were looked upon by
conducting surface tension and interfacial surface rheological measurements
on aqueous solutions of both atactic and isotactic-rich PDMAEMA. The
behavior of stereoblock polymers of isotactic-atactic PNIPAM was studied at
the air-water interface using interfacial surface rheology. The block sequence
and thus the different architectures of the polymeric micelles had a great
influence on the interfacial properties.
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Introduction

1 INTRODUCTION
1.1 Background – Polymers, composite and hybrid
materials
Mastering properties of polymer materials through controlled synthesis is
the very essence of polymer science. Polymer properties depend, besides on
the chemical structure, also on the molar mass and on the stereo structure of
the polymer chains.1 The tacticity affects the crystallinity and solubility of a
polymer, and its solution properties. Thus, controlling the tacticity of
polymers during the polymerization is a way to influence their mechanical
and solvation properties.2 Recent advances in polymer synthesis have opened
ways to prepare polymers with controlled molecular mass and also new ways
to prepare composite and hybrid materials,3 that are increasingly gaining
attention in material science.
Composites are materials consisting of a polymeric matrix and a
reinforcer, a filler, often inorganic particles or fibers.4 Composite materials
are traditionally made by mixing the filler into a matrix precursor
formulation, which can be polymerized into a solid polymeric matrix. In
hybrid materials the polymers are covalently bound to inorganic substances,
such as metal nanoparticles5, graphene6, carbon nanotubes7 or clay particles8.
The concept is, however, very general and it includes also e.g. synthetic
polymers bound to natural products (as cellulose9) and block copolymers
made by different polymerization techniques.10
Hybrid materials can be made by grafting surfaces or nanoparticles (NP)
with polymers, either by a ’grafting to’ or ‘grafting from’ approach.11 In the
‘grafting to’ method preformed polymers are attached to a surface. One
application is the fabrication of gold5,12 or silver13 nanoparticles stabilized
with polymers. In this case the polymers are conveniently prepared by
reversible addition-fragmentation chain transfer radical (RAFT)
polymerization, which yields functional sulfur containing end groups. The
polymers can be attached to the surface of gold or silver nanoparticles with a
sulfide bond. In the ‘grafting from’ approach, an initiator for polymerization
is attached to the surface. Controlled radical polymerization techniques, such
as atom transfer radical polymerization (ATRP), RAFT, ring opening
polymerization (ROP) and nitroxide mediated polymerization (NMP), can be
utilized in the ‘grafting from’ procedure.11,14

14

Figure 1.

‘Grafting to’ method used in this work produced nanoparticles to which polymers
were bound with sulfide linkages (left). ‘Grafting from’ was realized by surface
initiated ATRP, by first binding an initiator to the particle surface (right).

1.2 Stereochemical effects on thermoresponsive
polymers
Solutions of thermoresponsive polymers undergo phase separation upon
heating. Depending on the polymer, thermoresponsiveness may be observed
either in organic and aqueous solutions. In aqueous solutions the hydrogen
bonds between water and the polar groups of the polymer are broken upon
heating. During this process the nonpolar groups in the polymers start to
interact with each other and the polymer coil collapses into a globule. These
globules may form colloidally stable dispersions or aggregate and precipitate.
PNIPAM is a well-known example of a thermoresponsive polymer that forms
colloidally stable mesoglobules upon heating an aqueous solution of the
polymer above its critical temperature (32 °C).15

Figure 2.

The structures of poly(N-isopropyl acrylamide) (PNIPAM, left) and
poly(dimethylaminoethyl methacrylate) (PDMAEMA, right).

Polymer properties such as crystallinity, solubility and coil conformation
are affected by the tacticity of the polymer.2 In isotactic polymers the
successive stereocenters in a polymer chain have the same configuration.
Syndiotactic polymers have alternating successive stereocenters and in
atactic polymers the stereocenter configurations alter randomly.16 The
ordered structures of isotactic polymers can pack into a lattice and
crystallize, whereas the unordered atactic polymers cannot. Thus isotactic
polymers have higher melting points, compared with their atactic
counterparts. Syndiotactic polymers also form crystalline structures but they
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Figure 3.

Schematic illustrations of isotactic, syndiotactic and atactic vinyl polymers.

have lower melting points than isotactic polymers.16
Isotactic polymers such as isotactic poly(methyl methacrylate) (i-PMMA)
can be prepared by anionic polymerization. Anionic polymerization of methyl
methacrylate, using sufficiently low temperatures (-78 – 20 °C), yields a
mixture of isotactic and isotactic-rich PMMA. The i-PMMA can be isolated
from the mixture by precipitation.17,18 In the case of i-PMMA the polymers
have helical conformation and can in solid state even form double stranded
helices.19 i-PMMA can be hydrolyzed into isotactic poly(methacrylic acid) (iPMAA). The ordered structure of i-PMAA alters its solubility in water. Atactic
poly(methacrylic acid) is soluble in water but the solubility of i-PMAA
depends on the degree of neutralization.20
Polymerization temperature influences the tacticity of the resulting
polymers, high temperatures leading to atactic polymers. Due to this radical
polymerizations tend to yield atactic polymers. In radical and controlled
radical polymerization the tacticity of polymers with polar side groups, such
as PNIPAM and poly(dimethyl acrylamide) (PDMAAM) can be influenced by
the addition of Lewis acid or fluoroalcohols. Some Lewis acids and
fluoroalcohols coordinate with the growing polymer chain end and the
reacting monomers, increasing the isotacticity of the growing chain.21–23
Bulky substituents, such as silylmethacrylates, may also be used to influence
the tacticity of polymers. Depending on the bulkiness of the substituent
atactic, syndiotactic or isotactic polymers can be obtained.24
The tacticity of PNIPAM can be influenced by conducting the
polymerization in the presence of a coordinating Lewis acid, such as
yttrium(III)trifluoromethanesulfonate (Y(OTf)3).25–28 The phase transition
temperature of atactic PNIPAM (45% isotactic diads) in water is 32 °C, when
increasing the isotacticity to 66% the transition temperature drops to 17 °C.
Further increasing the isotacticity to 72% yields a polymer insoluble in
water.29 Syndiotactic PNIPAM has a higher phase transition temperature
than atactic PNIPAM. When the syndiotactic content is 61% the phase
separation occurs at 45 °C. Due to the difference in solubility of atactic and
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isotactic PNIPAM it is possible to prepare PNIPAM stereoblock polymers
with water soluble and water insoluble blocks.30 These A-B-A stereoblock
polymers form micelles in aqueous solutions and the water insoluble parts
may also act as temporary crosslinks.31
Poly(dimethylaminoethyl methacrylate) (PDMAEMA) is a pH- and
thermoresponsive weak polyelectrolyte. The critical temperature of phase
separation of PDMAEMA in water depends on the pH of the aqueous
solutions32, the presence of multivalent anions,33 or by negatively charged
surfaces (e.g. clay or cellulose)34,35,III. PDMAEMA is a weak poly base (pKa =
7.436) and thus the phase transition temperature of the polymer is affected by
the protonation of the polymer chains and the chain length. The phase
separation temperature can be observed at temperatures between 26 and 79
°C in aqueous solutions in the pH range 10 to 7. In solutions with pH lower
than 7, the polymer is highly charged and the phase transition is not
observed at all.32 The phase transition temperature is also dependent on the
molar mass, that is the below 200 000 g mol-1 the phase transition
temperature increases with decreasing molar mass. However, this effect of
molar mass is most prominent in solutions with pH 8-10.32 The viscosity of
PDMAEMA solutions changes with the degree of protonation of the chains. It
increases with decreasing degree of neutralization (α), expressing a
maximum at α=0.6.37 Similar observations have been reported for both
isotactic37,38 and syndiotactic39 PDMAEMA. Both atactic and isotactic
PDMAEMA behave as polyelectrolytes, and the reduced viscosity increases
with decreasing polymer concentration.38

1.3 Thermoresponsive polymers at the air-water
interface
Surface tension (γ) and surface pressure (Π) are two essential quantities
characterizing monolayers and interfaces of solutions. The surface tension
can be defined as the force per length, as in equation 1. Where γ is the surface
tension, F the force and l the length. The surface tension may also be
expressed as free energy (G) per unit area (A) (energy/(length)2) (eq. 2).40
(1)
(2)

=

=

,
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Figure 4.

Schematic of measuring the surface tension of a liquid film pulling a slide connected
to wire loop, by countering the pulling with an equal force F.

The surface pressure of a monolayer on an interface is defined as the
difference in surface tension of the interface with (γ) and without (γ0) the
monolayer (eq. 3). At low surface pressures the molecules on the interface
behave like gases and thus a 2D-equivalent of the ideal gas law is applicable
(eq. 4), from which the area that each molecule occupies (a0) can be
determined (eq. 5). In other terms, a0 is the total area of the layer divided by
the number of molecules (eq. 6). The surface pressure is often plotted as a
function of the area per molecule.40
(3)
(4)
(5)
(6)

Π=

ΠA =

Π

−

=

=

The air-water interface forces polymers adsorbed to it, to adopt a
conformation different from that they would have in the bulk of the solution.
At low surface pressures, the polymers adsorbed to the interface are confined
into two dimensions and thus they are forced to elongate along the interface.
This is often referred to as the ‘pancake’ region. When the surface pressure is
increased the chains are forced closer together and eventually will form loops
(the ‘loop’ region) into the solution but also entanglements with other
polymers adsorbed to the interface. In this ‘loop’ region the polymers
partially adopt three dimensional structures.41,42
The solution properties may be very different at the air-water interface
from the bulk of the solution. Interestingly the interface can be regarded as a
good or a theta solvent for polymers that are poorly soluble in water. PMMA
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and poly(vinyl acetate) (PVAc) are glassy polymers at room temperature and
both are insoluble in water. PMMA adsorbed to the air-water interface
behaves as it would in a theta solvent, whereas the interface is a good solvent
for PVAc.43 For PMMA at the air-water interface, theta temperature is 16-19
°C, and at temperatures above 25 °C the interface is considered as a good
solvent.44,45
The adsorption rate of water soluble polymers, such as PNIPAM, onto the
air-water interface depends on the concentration of the bulk solution. The
process is fast, occurring in minutes,41,46 and can be observed as a decrease in
the surface tension of the solution. For 0.001 to 10 mg/mL solutions of
PNIPAM the surface tension drops from a value close to that of pure water
(72 mN/m) to 40 mN/m.47 The surface active properties of PNIPAM are
independent of molar mass48 but the adsorption is faster for polymers with
low molar mass.49 For comparison, polyethylene oxide (PEO) decreases the
surface tension only to 60 mN/m.50 The amount of PNIPAM adsorbed to the
air-water interface increases upon heating the solution. Heating above the
phase transition temperature lowers the surface tension to 39 mN/m from 44
mN/m at 16 °C.48 It has been shown that above the phase transition
temperature PNIPAM globules adsorb to the interface. The polymers start to
unfold and spread along the air-water interface. Otherwise the surface active
properties of PNIPAM would be lost upon heating and the surface tension of
the solution would increase.51
The processes at the interface have been studied using hydrophobically
modified PNIPAMs, as well as telechelic and semi telechelic ones.52 The
surface pressure of PNIPAM layers on the air-water interface is affected by
the temperature of the subphase, the compression of the layer and the
hydrophobic groups present in the polymer, or by the addition of surfactant
to the system.52,53 The surface pressure, on the other hand, affects the
conformation of the polymer at the interface. PNIPAM can be anchored into
the air-water interface by incorporating hydrophobic monomers in the
polymer or by adding hydrophobic end groups either in one (semi telechelic)
or both ends (telechelic) of the polymer chain.52 A monolayer can be formed
on water also by unmodified PNIPAM but upon compression some of the
polymers are dissolved into the subphase. Upon compression of the
monolayer of semi telechelic PNIPAMs, the polymer chains are solubilized in
to the subphase, but remain attached by the alkyl chain end to the interface.
The telechelic polymers are anchored to the interface from both ends and
upon compression of the monolayer the polymers form loops into the
subphase. Monolayers of telechelic PNIPAMs are, correspondingly, more
stable than those of semi telechelic ones. Liu et al. also studied
hydrophobically modified PNIPAMs where two different hydrophobes,
C12H25 or C7F15 groups were randomly distributed along the chains. The
polymers are insoluble in water, but form stable monolayers at the air-water
interface. Both copolymers, with C12H25 or C7F15 groups, are less sensitive to
temperature of the subphase and the compression rate, and they form more
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stable monolayers than PNIPAM homopolymers. In fact, the compressed
monolayers of the hydrophobically modified PNIPAMs are even more stable
than those of (semi) telechelic ones.52

1.4 Nanoparticles and nanomaterials – hybrid nanoclay
Nanomaterials are materials that have at least one of their dimensions in the
nanometer scale (1-100 nm). Such materials can be particles of metals, clay
or cellulose, but also materials consisting of copolymers that self-assemble
into nanostructures.54
Montmorillonite clay (MMT) is an attractive material for hybrid
materials; it is abundant and has good mechanical properties (elastic
modulus of ~180 GPa). Clay is used in composite materials as a filler and
flame retardant, but it can also be used as a rheology modifier in shear
thinning dispersions. MMT consists of negatively charged silica and
magnesium oxide sheets, held together by positive counter ions located
between the sheets. This structure is referred to as the clay gallery.
Composite materials of MMT can simply be made by mixing the clay into a
polymer matrix in an extruder.55,56 The clay gallery can be expanded or even
exfoliated by intercalating positively charged amines or polymers between
the layers. Exfoliation of clay particles leads to nanocomposite materials,
since the individual clay platelet thickness is on the order of ~1 nm, with a
width of ~100-200 nm. The compatibility of clay particles or sheets with the
polymer matrix can be improved by adsorbing or grafting the clay particles
with polymers. The first nanocomposites were made by dispersing clay
particles in an intercalating monomer or monomer solution. When the
monomer was polymerized, the polymer chains grew between the clay
platelets exfoliating the clay in the process.57
‘Grafting from’ techniques can be utilized by attaching an initiator or a
chain transfer agent for controlled radical polymerization (CRP) on the
surfaces of the clay platelets.8,58,59 Initiators for ATRP polymerization have
been attached to clay particle surfaces either by using positively charged
amino groups56 or covalently with silane chemistry. The covalent attachment
can be made either by using an initiator with a chlorosilane group58,59 or with
amino trimethoxysilanes58,60 to which the initiator can be bound to. Grafting
the clay platelets with a polymer that is similar to the matrix improves the
compatibility and thus dispersability of the clay into the matrix.59
Clay particles can also be used as nanocontainers for active substances,
such as anticorrosive agents. This has been demonstrated by using a tubular
clay, halloysite, into which mercaptobenzotriazole or benzotriazole was
loaded. The release of these substances can be regulated by coating the clay
particles with polyelectrolyte multilayers, which can swell depending on the
pH of their environment. These nanocontainers could be incorporated into
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commercially available coatings or paints, giving the final hybrid coatings
anticorrosive properties.61–63

1.5 Gold and silver nanoparticles
The history of metallic particulate materials is long and they have been used
to stain glass for centuries. However, the first synthesis of a nanoparticle
dispersion was reported by Michael Faraday, who in 1857 prepared a
dispersion of gold particles.64 Metal nanoparticles have different properties
than bulk metals. They have a lower melting point, are more reactive and
have unique optical and electric properties. The reactivity arises from the
high surface area of the nanoparticles, which makes them useful catalysts but
also susceptible to aggregation. Stabilizing ligands, such as citrates, alkane
thiols or polymers, are therefore needed to prevent aggregation of the
nanoparticles.65–68 The bright colors of metal nanoparticles are due to the
surface plasmon resonance (SPR) phenomenon, in which the particle
electron cloud oscillates with the electric field of electromagnetic radiation.
The surface plasmon resonance is dependent on the particle size and shape,
morphology, the particle environment, i.e. the dielectric constant of the
surrounding medium, and the inter particle distance.68,69 The size and shape
of nanoparticles can be tuned by carefully choosing the reaction conditions
and several methods for obtaining nanoparticles with desired size and shape
are available.70
Nanoparticles of gold or silver can be easily produced in solutions using
mild reagents. A typical procedure is to reduce a metal salt precursor in the
presence of stabilizing ligands. The Brust-Schiffrin method is a two-phase
system of toluene and water which produces monodisperse gold
nanoparticles (AuNP). The gold precursor, auric acid, is transferred by a
surfactant into the organic phase from the aqueous phase. Upon addition of a
reducing agent, such as sodium borohydride, the auric acid is reduced into
metallic gold. The nanoparticles are stabilized by alkanethiols present in the
organic phase.67 AuNPs can also be produced in a one-step procedure in a
solution of both auric acid and polymers with a suitable end group. In RAFT
polymerization, sulfur containing chain transfer agents are used to control
the polymerization. A fragment of the chain transfer agent remains bound to
the chain end and can be reduced into a thiol with a reducing agent, such as
borohydride. Both the gold precursor and the chain transfer agents can be
reduced simultaneously, creating polymer grafted gold. Recently, AuNPs
have been grafted with polymer poly(N-isopropyl acrylamide) (PNIPAM)
using the one step procedure.5,12
The phase transition behavior in water of the thermoresponsive polymer
PNIPAM is affected by the grafting of the polymer to gold nanoparticles. A
dense grafting causes the phase transition to occur in two stages. The
PNIPAM chains in the monolayer are packed very close and the packing
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density increases towards the surface of the nanoparticles. The part of the
chains close to the particles undergo the phase transition at lower
temperatures than the part of the chains that are more loosely packed at the
outer corona of the monolayer.71 The molar mass of the PNIPAM grafts also
has an impact on the phase transition. Oligomers of PNIPAM pack more
closely and interact more strongly with each other in the monolayers around
AuNPs. The interactions are enforced with lowering the molar mass of the
oligomers, resulting in more dense monolayers. When close to each other,
the oligomers prefer hydrogen bonding with each other, rather than with
water and the phase transition temperature is shifted to lower
temperatures.72
Similar synthetic strategies as used in the preparation of AuNPs, are used
in preparing silver nanoparticles (AgNP). For example, silver nitrate can be
dispersed in liquid paraffin together with oleylamine. The silver is reduced by
heating the suspension and the nanoparticles are stabilized by the
oleylamine.73 Another method is the polyol synthesis, in which an aqueous
solution of silver nitrate and diethylene glycol is heated.74 Optionally
poly(vinyl pyrrolidone) (PVP) can be added into this system to improve the
stability of the AgNPs.68
Silver nanoparticles are widely used for their antimicrobial properties and
AgNPs are nowadays commonly used in a variety of consumer products,
ranging from wound dressings to sports clothing. The antimicrobial effect of
silver and silver ions is well known75–77 but the actual mechanism of the
bactericidal effect is still under debate. Silver ions interact with proteins,
enzymes, DNA, chloride ions and inhibit the respiratory chain of cells.78–80
Proteins and enzymes are deactivated by silver, since the silver ions react
with the disulfide bonds present in them. It has been shown that the
condensed form of DNA loses its ability to replicate in the presence of silver
ions.78 Silver ions affect the transport of phosphates into cells, thus inhibiting
the cell respiratory chain, additionally silver ions precipitate chloride ions in
cytoplasm as AgCl. The antimicrobial effect of silver ions is most likely due to
a combination of these effects, rather than one single mechanism.79 The
antimicrobial effect of AgNPs is also well known. However, differences in the
toxicity of AgNPs have been observed between gram positive and negative
bacteria. Gram negative bacteria (e.g. Escherichia coli) and fungi are
sensitive to AgNPs, whereas for gram positive bacteria (e.g. Staphylococcus
aureus) the effect is not as prominent. The difference in the toxicity is related
to the differences in the cell walls of these bacteria.81–83 The toxicity against
mammalian cells is of more concern. It has been suggested that AgNPs can
enter cells via endocytosis84,85 and as in bacterial cells, the AgNPs can damage
the DNA86 and the respiratory chain84 of mammal cells. Our skin is readily
permeable to AgNPs coated with PVP, as has been shown by Larese et al. in
their studies using transmission electron microscopy (TEM). The studies
were made with healthy and damaged skin. In both cases AgNPs penetrated
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all the skin layers, damaged skin showing up to four times higher
permeability than intact skin.87
Recently the toxicity of AgNPs was investigated with water fleas (Daphnia
magna) and fairy shrimps (Thamnocephalus platyurus). Using these
crustaceans the environmental toxicity of AgNPs was evaluated and
compared to that of silver nitrate. Using sulfide bonds the particles were
grafted with PVP, a well-known water soluble and non-toxic polymer. The
half maximal effective concentration (EC50) of AgNPs was determined as 1527 ppb and was roughly ten times lower than that of AgNO3. In this study it
could be concluded that AgNPs are no more toxic to the environment than
AgNO3. It should be noted that the toxicity of both AgNPs and AgNO3 is
greatly affected by the presence of organic and inorganic matter in the
medium (dissolved organic carbon, sulfites, water hardness etc.).88

Figure 5.

Dispersion and a TEM micrograph of silver nanoparticles. The micrograph was
taken by Dr. Hua JiangI.
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1.6 Objectives of this study
This study focuses on investigating the thermoresponsive properties of
PDMAEMA and PNIPAM, both as free polymers and grafted on particle
surfaces, but also on utilizing the obtained skills in polymer grafting to
prepare a rubbery antimicrobial coating with silver nanoparticles.

Figure 6.

Schematic overview of the study objectives.

Specifically the study investigated the following:
(i)

Preparation of PDMAEMA and PNIPAM by controlled radical
polymerization methods. Investigating hydrophobic modification
of PNIPAM and incorporation of isotactic segments into
PDMAEMA.II,V

(ii)

Praparation of hybrid nanomaterials utilizing both ‘grafting from’
and ‘grafting to’ techniques both in grafting clay particlesIII and
metallic nanoparticles.I,II Particularly, the effects of grafting
PDMAEMA on clay particles and the effect of grafting on the phase
transition of PDMAEMA.III

(iii)

The organization and properties of PDMAEMA and PNIPAM, as
well as gold nanoparticles grafted with PNIPAM, at the air-water
interface. Of special interest was, how hydrophobic modification
PNIPAM and the grafting of PNIPAM on gold nanoparticles affects
the compressibility of monolayers at the air-water interface.II
Moreover, the effect of isotactic segments in the polymer chains on
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the rheology of PNIPAM and PDMAEMA at the air-water interface
was studied.IV,V
(iv)

Manufacturing an antimicrobial coating with silver nanoparticles
utilizing the grafting procedure and chemistry used in the
preparation of gold nanoparticles. More precisely, producing a
polymeric coating that securely binds the silver nanoparticles to a
surface, but is still able to release silver ions.I
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2 EXPERIMENTAL
The synthesis and characterization of polymers and hybrid materials are
described only briefly in this section. Detailed descriptions of the procedures,
characterization and experimental techniques can be found in the papers
presented as appendices.

2.1 Characterization and instrumentation
2.1.1 Polymer Charactarization
Size exclusion chromatography (SEC) was used to determine the molar
masses of polymers. PMMA standards were used for calibration. Eluents
used were THF, THF with tetrabutylammoniumbromide (1 mg/mL) or DMF
with lithium bromide (1 mg/mL). The apparatus included the following
instruments: Biotech model 2003 degasser, Waters 515 HPLC pump, Waters
717 plus auto sampler, Viscotek 270 dual detector, Waters 2487 dual λ
absorbance detector, Waters 2410 refractive index detector and the
OmnisecTM software from Viscotek. Styragel HR 1, 2 and 4 columns and a
flow rate of 0.8 ml/min were used in the measurements.
The composition of the hybrid materials was also analyzed by
thermogravimetric analysis (TGA) in order to determine the polymer content
of the materials. TGA was performed with a Mettler Toledo 850. 70 μl Al2O3
crucibles were used and the samples were heated from 25 to 700 °C (10
°C/min) under nitrogen atmosphere.

2.1.2 Properties of polymeric materials in solutions and dispersions
Microcalorimetric analyses of polymer solutions and hybride material
dispersions were conducted with a MicroCal VP DSC Microcalorimeter,
equipped with a Pressure Pertubation (PPC) accessory. The aqueous polymer
solutions (5 mg/mL) were degassed before measurement. Thermograms
were measured from 5 to 100 °C with 60 °C/h heating and cooling rate,
repeating the heating-cooling cycle three times. The pre-equilibration time
was 60 min before each heating cycle. The enthalpy values were normalized
to repeating polymer unit. Pressure perturbation calorimetric (PPC)
measurements were conducted at 5-99 °C with 15 min equilibrating time
before the run and 2 min equilibration time at each temperature point. The
pulse time was set to 80 s to give the system enough time to stabilize after the
pressure drop before the increase of pressure.
Zeta potential (ζ) of the polymers was measured as function of
temperature using a Zetasizer Nano-ZS ZEN3600 from Malvern Instruments
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Ltd. The instrument is equipped with a 4 mW He-Ne laser operating at λo =
633 nm. The measurements were performed at an angle of 17 ° with heating
from 20 to 70 °C and cooling from 70-20 °C. With a 30 min equilibrating
time before the measurement series and a 15 min equilibration time at each
temperature point. Three measurements were conducted at each
temperature and an average of these measurements is reported. The
concentrations of the samples were 0.25 mg/mL.
Rheological measurements were made using solutions with a polymer
concentration of 12.5 mg/mL. TA AR2000 stress-controlled rheometer
equipped with a 40 mm aluminum 2 ° cone and a Peltier heated plate was
used for the oscillatory measurements. Temperature was increased from 5 to
45 °C or from 5 to 90 °C with a heating rate of 2 °C/min. Oscillatory
frequency and temperature sweeps were measured using strains within the
linear viscoelastic regime.

2.1.3 Interfacial studies of polymer solutions
The surface tensions of the polymer solutions were measured with a KSV
Sigma 703 surface tension balance using a DuNoyu ring and an external
thermostat regulating the temperature. Six repetitions of each measurement
were made and the average value is reported together with the standard
deviation.
Interfacial surface rheology (ISR) measurements of PNIPAM and
PDMAEMA at the air/water interface were obtained using the double wallring method.89,90 A stress controlled rheometer, TA Instruments ARG2 (TA
Instruments, USA) was outfitted with a Du Nouy ring with a radius of 20
mm, suspended from the upper geometry mount. The ring was placed
concentrically within the gap of a polytetrafluoroethylene (PTFE) sample cell.
The PTFE sample cell was equipped with four heating filaments and one
temperature sensor on the outside of the cell. A thermocouple was placed
inside the sample cell to monitor the temperature of the sample solution. The
PTFE cell was heated continuously by the filaments until the temperature of
38-40 °C was reached and then turned off. The cell was cooled down by the
Peltier element. Measurements were made with 1 min. intervals and the
temperature of the solution was recorded at each point. Polymer
concentrations were 10 mg/mL in each case and at least duplicate
measurements were made for all the solutions to demonstrate
reproducibility.
Surface pressure–area (Π–A) isotherms were recorded using a Kibron
MicroTroughX (Kibron Inc., Finland) with a temperature bath and a cover to
increase temperature control. The gold nanoparticles were dissolved in
chloroform and the dispersion was spread on the water surface. The
chloroform was left to evaporate for 20 minutes. The surface film was
compressed symmetrically and the surface–pressure isotherms were
recorded with a Wilhelmy wire probe.
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2.1.4 Spectroscopic methods
Fluorescence studies were conducted with a Horiba Jobin Yvon Fluoromax-4
spectrofluorometer. The temperature of the water-jacketed cell was
controlled via thermostat at temperatures 10-90 °C. The temperature was
raised at 1 °C steps and spectra collected after 5 minutes equilibration. As
probes pyrene, (4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)4H-pyran (4HP), and 1-anilonapthalene-8-sulfonate ammonium salt (1,8ANS) were used.
A Shimadzu UV-160 1PC UV/Vis spectrometer was used to measure
absorption spectra and the IR spectra were measured with a Perkin-Elmer
Spectrum One spectrometer.
Nuclear magnetic resonance spectra (NMR) were recorded with a 200
MHz Varian Gemini 2000 NMR-spectrometer or 500 MHz Bruker Avance
III spectrometer. Sample concentrations were 20 - 100 mg/mL in deuterated
chloroform or DMSO-D6 with tetramethylsilane as a reference.

2.1.5 Microscopic imaging
The surface morphology studies of silver nanoparticles coatings were carried
out by a Dulcinea AFM microscope (Nanotec Electronica S.L) at NANOTEC
ELECTRONICA, Spain. Microstructural characterization of the surface
morphology was also carried out by scanning electron microscopy (SEM),
using JEOL-6500F equipped with a field emission gun (FEG) and coupled
with an energy dispersive X-ray (EDX) system for chemical analysis at
CENIM, Madrid.
High resolution transmission electron microscope (HR-TEM)
micrographs were acquired with a Philips CM200-FEG microscope equipped
with a Gatan slowscan CCD camera at VTT Technical Research Centre of
Finland. TEM micrographs were also obtained with a Hitachi S4800 FESEM using a TEM-probe and Inca X-sight software (Oxford instruments).

2.2 Atactic and isotactic-rich PDMAEMAV
2.2.1 ATRP-RAFT polymerization of DMAEMA
A combination of ATRP and RAFT has been reported by Matyjaszewski et al.
It utilizes dithioester initiators acting as pseudohalogens and the copper(I)
complex with PMDETA used in ATRP as the radical source.91,92 Compared
with RAFT the advantage is the radical generation by the copper complex,
rather than a usual radical initiator (e.g. AIBN). Thus no additional chain
growth from the radical initiator is observed. Additionally, the higher
reactivity of the dithioester end group compared to halides is beneficial in
polymerization of acrylates.91–93
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Atactic PDMAEMA with Mn 56 200 g/mol (a56) and 84 900 g/mol (a85)
were synthesized using 2-cyano-2-propyl dodecyl trithiocarbonate (CPDT) as
the initiator. CPDT, DMAEMA, Cu(I)Br, Cu(II)Br2, Cu0 and DMF were
placed in a flask. The solution was purged with nitrogen for 20 min and the
ligand (PMDETA) was added as a 10% solution in DMF. The polymerization
was conducted at 60 °C for two hours. The polymer was precipitated in hot
water, separated and freeze dried from dioxane.
The dodecyl end group was removed as reported by Willcock et al.94 The
polymer was dissolved in DMF, and AIBN was added to the solution. The
solution was purged with nitrogen for 20 minutes. Next, the flask was heated
to 85 °C for 3 hours. The polymer was purified by dialysis against water and
freeze dried.

2.2.2 ATRP in the presence of Y(OTf)3
Isotactic-rich PDMAEMA (i46 and i52) was synthesized by ATRP using a
bifunctional
initiator
in
the
presence
of
yttrium(III)
23,30,95,96
trifluoromethanesulfonate (Y(OTf)3).
Y(OTf)3 was first dissolved in
isopropanol and then, DMAEMA, dimethyl 2,6-dibromoheptanediotate
(DMDBHD), Cu(I)Br, and a copper chip were added to the solution. The
solution was purged with nitrogen and the ligand, bipyridyl, was added as a
10 mg/mL solution in isopropanol. The polymerization was conducted at 60
°C for 5 hours. Upon addition of THF to the reaction mixture the polymer
precipitated. The polymer was purified by precipitating it twice in hot basic
water from acidic aqueous solutions. Further the polymer was dialyzed in
acidic water and later with distilled water until the water was neutral, and the
polymer was isolated by freeze drying.
The shortest PDMAEMA chain (a23) was synthesized with the ATRP
method described above for the isotactic-rich polymers but in the absence of
yttrium(III) trifluoromethanesulfonate.
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Table 1.

Details of the DMAEMA polymerizations.

Denotation
M n (g/mol)
PDI
Initiator
(mmol)
Monomer (mmol)
Y(OTf)3 (mmol)
†

Y(OTf)3 / Mon.
CuBr (mmol)
CuBr2 (mmol)
0

Cu (mmol)
Solvent
(mL)
Ligand
(mmol)
Temperature (°C)
Time (h)
Polymer (g)

‡

a23
23 200
1.3
DMDBHD
0.14
22.9
-

a56*
56 200
1.5
CPDT
0.05
29.7
-

a85*
84 900
1.7
CPDT
0.05
59.3
-

0.14 (CuCl)
-

0.05
0.01

0.05
0.01

6
Isoprop.
10
PMDETA
0.14
60
2
2.68

¤

¤

1/8
0.06
-

1/4
0.05
-

i52
i46
52 000
45 700
1.8
1.5
DMDBHD DMDBHD
0.03
0.03
14.8
14.8
1.9
3.7

8
7
2
6
DMF
DMF
Isoprop. Isoprop.
5
10
5
7
PMDETA PMDETA Bipyridyl Bipyridyl
0.03
0.03
0.10
0.10
60
60
60
60
2
3
4
5
1.30
4.03
1.52
0.83

Polymerized by *ATRP-RAFT, ‡ATRP and ¤ATRP+Y(OTf)3 using 2-cyano-2-propyl dodecyl
trithiocarbonate (CPDT) or dimethyl 2,6-dibromoheptanediotate (DMDBHD) as initiators.
†Molar

ratio of monomer to Y(OTf)3.

2.3 Grafting of montmorillonite clay with PDMAEMAIII
2.3.1 Functionalization of nanoclay with an ATRP-initiator
As a first step the nanoclay was first reacted with an aminosilane as follows.
The clay was dispersed in dry THF and the aminosilane was added to the
mixture. The mixture was left overnight, filtered and washed extensively with
methanol and THF. The ATRP initiator (2-Bromoisobutyryl bromide) was
attached to the amino groups on the clay particle surfaces. The amino
functionalized clay was dispersed in dry THF together with triethylamine,
and 2-bromoisobutyryl bromide was added to the mixture. The
functionalized clay was filtered after 72 hours and washed with water,
methanol and THF. Finally the clay was dried in vacuo. The reaction steps
were followed by IR-spectroscopy and thermogravimetric analysis (TGA).
The TGA showed a 10% mass loss after the reaction with the aminosilane and
after the attachment of the ATRP initiator, the mass loss in TGA was 17%
(both measured in the temperature range 150-700 °C). IR also showed a
band attributed to from carbonyl groups (1643 and 1533 cm-1) after the
functionalization.
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Figure 7.

Schematic illustration of the functionalization of nanoclay with an ATRP-initiator.

2.3.2 Polymerization
ARGET-ATRP (activators regenerated by electron transfer ATRP) was used
to graft PDMAEMA on the nanoclay particles. In a typical polymerization the
initiator-clay was dispersed in dimethylformamide (DMF) and the monomer,
together with Cu(I)Cl and Cu0. The mixture was purged with nitrogen and
the flask was heated to 80 °C. The ligand PMDETA (N,N,N′,N′′,N′′pentamethyldiethylenetriamine) was then added and the polymerization was
left overnight. The product was purified by precipitation in hot water and
dialysis.
The polymer grafts were detached from the clay particles with hydrogen
fluoride. The hybrid material was suspended in THF in a Teflon tube.
Hydrogen fluoride was added to this mixture and the reaction was left
overnight. The reaction mixture was neutralized by dispersing CaCO3 into the
mixture and the supernatant was dialyzed.

Table 2.

Nr.

Surface initiated polymerizations of DMAEMA.
0
a
Cu
DMF
Cu(I)X
PMDETA
Mn
(mL)
(mmol)
(mmol)
(mmol) (kg/mol)
50
0.27
1.27 (CuCl)
1.29
282
75
0.20
1.27 (CuCl)
1.29
232
150
0.39
0.91 (CuBr)
0.86
51

1
2
3

Init.Clay DMAEMA
(g)
(mL)
2.01
125
2.00
75
4.76
35

aData

for polymers cleaved from the clay particles with HF.
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PDI

m% clay

1.4
1.6
1.6

6.9
5.5
44.0

Experimental

2.4 Synthesis of PNIPAM and P(NIPAM-NPAM) for
grafting gold nanoparticlesII
PNIPAMs with different molar masses were obtained by changing the ratio of
the chain transfer agent and the monomer, and by varying the reaction time.
Typically NIPAM, cyanopentanoic acid dithiobenzoate (CPA) and
azobisisobutyronitrile (AIBN) were dissolved in dioxane, purged with
nitrogen and polymerized at 60 °C for 24-48 hours. The polymers were
purified by precipitation and dialysis. The Mn of the polymers varied between
6 500 and 60 500 g/mol, Mw/Mn was 1.2-1.3.
P(NIPAM-NPAM) was synthesized in three steps. First a copolymer of
NIPAM and N-acryloxysuccinimide (NASI) was prepared as described above.
Then the NASI was reacted with n-propylamine in chloroform using TEA as
catalyst. After purification, as a final step the possible remaining NASI
groups were reacted with isopropylamine to ensure that all NASI groups are
converted. The final polymers were purified by dialysis. Mn varied in the
range 40 000-46 000 g/mol.

Figure 8.

The structure of poly(N-isopropylacrylamide-co-propylacrylamide), P(NIPAMNPAM).

2.5 Synthesis of acrylate block copolymers for grafting
silver nanoparticlesI
A random copolymer of butyl acrylate (BuA) and methylmethacrylate
(MMA), and two block copolymers were prepared. In the block copolymers,
one block was the soft and rubbery copolymer P(BuA-MMA) and the other
was poly(acrylic acid) (PAA). Two block copolymers were prepared with
reversed order of blocks that yielded polymers with a sulfide functionality
either in the PAA or P(BuA-MMA) end.
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2.5.1 Copolymers of butyl acrylate and methyl methacrylate
The monomers BuA and MMA were dissolved in 2-butanone together with
azobisisobutyronitrile (AIBN) and cyanopentanoic acid dithiobenzoate
(CPA). The solution was purged with nitrogen and polymerized overnight at
70 °C. The polymer was purified by precipitation in hexane from
tetrahydrofuran (THF). One of these polymers was used later as a macroinitiator for block copolymerization.
In order to prepare a block copolymer with reversed sequence of blocks, a
homopolymer of tert-butyl acrylate (tBA) was first prepared in a similar
manner as described above.

2.5.2 Acrylate block copolymers
The polymer that served as macro-initiator, P(BuA-MMA), was dissolved in
2-butanone. Tert-butyl acrylate and AIBN were added and the solution was
purged with nitrogen and polymerized for 24 h at 70 °C.
Another block copolymer was prepared using poly(tBA) as a macroinitiator. The poly(tBA) was dissolved in 2-butanone. BuA, MMA and AIBN
were added and the solution was purged with nitrogen and polymerized for
24 h at 70 °C. The molar masses of the polymers were determined by size
exclusion chromatography (SEC) using THF as eluent. The amount of
repeating units of acrylic acid was determined from the difference in molar
masses before and after the block copolymerization.

2.5.3

Hydrolysis of the tert-butyl acrylate block and reduction of
dithiobenzoate end group
The hydrolysis of the tert-butyl acrylate was conducted by refluxing the
polymer in dioxane with concentrated HCl for 18 hours. The polymers were
precipitated in water after the hydrolysis.
The remaining dithiobenzoate end groups were reduced with NaBH4. The
polymers were dissolved in THF and the solutions were made basic by
adding saturated ethanolic KOH solution. Upon addition of the NaBH4 the
color of the solution turned from red into pale brown, indicating the
reduction of the dithiobenzoate groups into thiols and disulfides. The
polymers were purified by precipitation.
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Table 3.

Polymer
CP
CP2
B1
P(t BA)
B2
Either

Polymerization conditions.

BuA

MMA

Initiator

AIBN

2-butanone

t BA

(mol)

(mol)

(mmol)

0.19

0.18

0.40

0.40

-

-

-

-

0.10
aCPA

or

0.103

Mn

PDI

(mmol)

(mL)

(mol)

a

0.12

15

-

4

13 500

1.24

a

1.15

100

-

24

9 300

1.39

b

0.34

14

0.06

24

14 800

1.50

a

0.39

30

0.14

25

6 000

1.52

b

0.18

25

-

25

23 700

1.45

0.96
9.15
3.00
3.00
2.00

bmacro-initiator

t

(h) (g/mol)

was used as the initiator.

All polymerizations were conducted at 70 °C.

Table 4.

Characteristics of the final polymers.

Polymer

Denotation M n (g/mol)

HS-poly(BuA-co-MMA)
HS-poly(AA-block-BuA-co-MMA)
HS-poly(BuA-co-MMA-block-AA)
Molar mass determined by SEC in

PDI

n (AA)

Tg (°C)

BuA/MMA

CP

a

13 500

1.24

-

36

1:1.44

B1

b

1.88

9

36

1:1.26

1.45

44

39

1:1.31

B2

8 600

c

21 200

aTHF, bDMF+LiBr

or

ccalculated

from Mn before hydrolysis of

tBA.

2.6 Synthesis of silver and gold nanoparticles
2.6.1 Gold nanoparticles grafted with PNIPAM and P(NIPAM-NPAM)II
The gold nanoparticles were produced in a batch synthesis as has been
previously reported by Lowe et al.5 and Shan et al.12 In this process the RAFT
polymer and auric acid were dissolved in THF and a reducing agent,
LiB(C2H5)3H (1M solution in THF), was added dropwise to the solution. The
formation of AuNPs could be observed as the color of the solution turned
purple. The sizes of the gold cores were adjusted by using either 10:1 or 20:1
molar ratio of auric acid to polymer. The nanoparticles were purified by
precipitation and centrifugation. Free polymer was removed by
centrifugation of an aqueous dispersion of the AuNPs at 30 °C and finally the
nanoparticles were dialyzed. The particles were characterized by TEM and
TGA, and the amount of polymer and the grafting densities were calculated
using these data.
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Table 5.

Gold nanoparticles grafted with PNIPAM and P(NIPAM-NPAM).

AuNP

Mn

Nr.
1
2
3
4
5
6

(g/mol)
6 570
7 861
13 800
14 617
17 514
28 633

7

43 300
45 700

8

HAuCl4/

dp*

Polymer
10:1
20:1
10:1
20:1
10:1
10:1

(nm)
2.5
6.6
3.4
8.0
4.5
4.5

b

10:1

5.3

112

1.27

b

10:1

2.9

17

0.64

a

Chains Grafting density
2

per AuNP (chains/nm )
40
2.04
156
1.14
52
1.43
312
1.55
75
1.18
127
2.00

*Diameter of the gold nanoparticle core.
aMolar

masses of the polymers.

bP(NIPAM-NPAM)

copolymer.

2.6.2 Silver nanoparticles grafted with acrylate polymersI
Two methods for preparing AgNPs were used, namely batch synthesis and an
adaptation of the ‘seed and feed’ growth of nanoparticles described by Jana
et al.97
In the batch synthesis silver nitrate (AgNO3) was reduced with NaBH4 in
the presence of polymers. The AgNO3/polymer ratio was 10:1 and an
ethanol/THF mixture was used as a solvent. The concentration of AgNO3 in
the reaction mixture was 0.002 M and a tenfold amount of NaBH4 to silver
nitrate was used. The formation of AgNPs occurred in seconds, turning the
solution brown. Both AgNO3 and NaBH4 were dissolved in water (0.1 and 0.4
mL) prior to addition to the reaction mixture. It should be noted that to
obtain stable silver nanoparticles, the dithiobenzoate end group needed to be
reduced into a thiol prior to the particle synthesis.
For the ‘seed and feed’ growth of AgNPs, a seed batch of AgNPs grafted
with HS-P(AA-block-BuA-co-MMA)was first prepared by the previously
described method. These seed particles were grown by reducing AgNO3 in
cycles. Four cycles were done, each by adding 1 mL of 1 M AgNO3solution and
a reducing agent, ascorbic acid, 1 mL of 1 M solution into the dispersion of
the AgNP seeds. The additions were made with 2 hour intervals. To ensure
complete reduction of AgNO3 in the last addition, the amount of ascorbic
acid was doubled. The particles were fractionated by centrifugation. The
particles were characterized by transmission electron microscopy (TEM) and
UV-Vis spectroscopy.
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Figure 9.

Table 6.

Schematic illustration of silver nanoparticles stabilized by P(BuA-MMA) (CP, left),
HS-PAA-P(BuA-MMA) (B1, middle) and PAA-P(BuA-MMA)-SH (B2, right). The
sulfide bonds are marked with red, the P(BuA-MMA) blocks with yellow and the
PAA blocks with blue.

Size and UV absorbance data of silver nanoparticles.

Polymer

CP

a

B1

a

B2

a

SF (small)

b

Average size* (nm)

17

4

6

12

76

Stand.dev. (nm)

6

2

14

2

13

Abs. Max. (nm)

415

402

405

402

407

SF (large)

b

CP = HS-P(BuA-MMA), B1= HS-PAA-P(BuA-MMA) and B2=PAA-P(BuA-MMA)-SH
aBatch

reaction

bFractionated

‘seed and feed’ reaction .

*Size determined from TEM micrographs.
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3 RESULTS AND DISCUSSION
3.1 Thermoresponsive properties of hybrid nanoclay
grafted with PDMAEMAIII
Using a ‘grafting from’ technique, hybrid nanoclay materials were obtained
via surface initiated ATRP. Hybrid materials with long polymer grafts
(232 000 g/mol) and shorter grafts (51 000 g/mol) were fabricated.
PDMAEMA is a positively charged, thermoresponsive weak polyelectrolyte,
for which the phase transition temperature is adjustable by the pH of the
solution. The effect of pH and grafting of the polymers to negatively charged
clay particles was investigated by fluorescence spectroscopy and
microcalorimetry.
Fluorescence spectroscopy using a carefully chosen probe yields
information about the local environment inside the PDMAEMA coils. Many
fluorescent probes (e.g. 1-anilonapthalene-8-sulfonate ammonium salt (1,8ANS), 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran
(4HP) and pyrene) are sensitive to the polarity of the medium and are thus
capable to report of changes in the polarity of their environment. 1,8-ANS is
a probe that has a very weak emission in water. However, when the probe is
bound to polymers, lipids or proteins the emission increases.98 PDMAEMA is
a positively charged polymer, thus it effectively binds the negatively charged
1,8-ANS.
Both in the case of free PDMAEMA chains and PDMAEMA grafted to
clay, the emission intensity of 1,8-ANS decreases steadily upon heating the
solutions or dispersions (pH 9.3 and 8.3), see Figure 10. When the phase
transition temperature was reached the intensity increased dramatically due
to scattering from the phase separated polymer. The wavelength of the
emission maximum, at ~470 nm, was unaffected by the phase transition,
which indicated that the polarity of the probe surroundings did not change.
When the pH of the solution and dispersion was lowered to 7.8, the
fluorescence intensity did not decrease in the same manner upon heating as
was observed with the solutions and dispersions with higher pH. At the
phase transition temperature the emission intensity increased, as was also
observed in the previous measurements. However, in this case a significant
shift from 491 nm to 469 nm in the wavelength of the emission maximum
was observed. This shift indicates that the probe experiences a less polar
environment upon the phase transition. For comparison the emission
maxima of 1,8-ANS is reported in water at 515 nm, in methanol at 476 nm, in
n-octanol at 464 nm and in a poly(vinyl pyrrolidone) hydrogel at 470 nm.99
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Figure 10.

Emission intensities of 1,8-ANS as a function of temperature in the presence of
PDMAEMA and clay grafted with PDMAEMA.

Anisotropy measurements reveal that the mobility of the probe increases
above the phase transition temperature, this indicating that the probe is
squeezed out from the polymer coils during the phase transition (Figures 11
and 12). The decrease in the emission intensity upon heating observed in the
solutions with pH 9.3 and 8.3, is related to the probe being pushed out from
the polymer coil. The PDMAEMA chain loses some of its hydration water
upon heating and thus the solubility of the charged probe near the polymer
chains decreases. At the phase transition temperature most of the hydration
water is lost and the polymer precipitates and the fluorescent probe is
released into the solution.
Grafting of the polymer to clay particles did not have any significant effect
on the behavior of 1,8-ANS in the dispersions. Both the clay and the probe
are negatively charged, consequently the probe interacts with the positively
charged polymers instead of the clay.

Figure 11.

Illustration of the fluorescent probe (1,8-ANS) being pushed out from a PDMAEMA
coil during the phase transition.
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Figure 12.

Fluorescence anisotropy data of 1,8-ANS as a function of temperature in the
presence of PDMAEMA and clay grafted with PDMAEMA.

Microcalorimetric measurements show that both the pH and the grafting
to clay affects the phase transition of PDMAEMA. The enthalpy of the phase
transition increase significantly when the pH is lowered, and the charge of
the polymer is increased. The phase transition of PDMAEMA occurs over a
wider temperature interval, than what has been observed for other
thermoresponsive polymers, such as PNIPAM100, poly(2-isopropyl-2oxazoline)101 and poly(N-vinylcaprolactam)102. For these neutral polymers
the transition is sharp and occurs within a range of ~10 degrees, whereas for
PDAEMA the transition is broader occurring within a ~20 degree range. In
solutions with pH 9.3 PDMAEMA behaves more like a neutral polymer since
the number of charges in the polymer is low. In solutions with lower pH the
phase transition is affected by the charges in the polymer. The precipitation
of the polymer occurs in one step but the redissolution in two stages. The
polymer first swells due the charge of the polymer and then slowly dissolves.
The swelling is observed in the cooling thermograms as a peak and the
dissolution as a broad shoulder of the first peak, see Figure 13. This is
observed both for the shorter polymer (51 000 g/mol) and the longer ones
(232 000 g/mol and 282 000 g/mol).
The grafting of PDMAEMA to clay alters the phase transition. The
positively charged polymer interacts with the negative clay particles and at
least partially adsorbs to them. From the thermograms it may be observed
that at pH 8.3 the grafts (232 000 g/mol) have higher enthalpy of the phase
transition than the free polymers (282 000 g/mol). The grafting also affects
the dissolution of PDMAEMA at pH 8.3. Interestingly, at pH 7.8 the grafts
(232 000 g/mol) have a lower phase transition enthalpy than the free
polymer. The shorter PDAMEMA grafts (51 000 g/mol) also have a higher
enthalpy of the phase transition than the free polymers (Figures 14 and 15).
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From these observations it can be concluded that lowering the pH
increases the interactions between the clay and PDMAEMA. The amount of
clay in the hybrid material with shorter grafts is much higher (44%), than for
the hybrid material with longer grafts (6%). In the former case, due to the
high amount of clay, the polymer is almost completely adsorbed to the clay
particles. The colloidal stability of this sample was poor and thus it could
only be examined at the lowest pH. In dispersion with higher pH the clay
particles precipitated almost immediately after agitation was stopped.

Figure 13.

Thermograms of PDMAEMA solutions (282 000 g/mol).

Figure 14.

Thermograms of dispersions of clay grafted with PDMAEMA (232 000 g/mol, 6%
clay).
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Figure 15.

Table 7.

Thermograms of PDMAEMA solution and clay (44%) grafted with PDMAEMA
dispersion (51 000 g/mol).

Calorimetric data of PDMAEMA and clay grafted with PDMAEMA.

Mn

a

c

(kg/mol)
(mM)
PDMAEMA
282
31.80
282
33.08
282
33.08
51
31.40
Clay grafted with PDMAEMA
232
31.23
232
30.09
232
30.98
51
16.54
aConcentration
bPer

pH

ΔH heating
(kJ/mol)

b

ΔH cooling
(kJ/mol)

b

Tmax

ΔV/V

(°C)

(%)

7.8
8.3
9.3
7.8

11.05
2.89
1.84
6.35

10.28
3.19
1.75
7.15

77.90
52.00
32.50
76.20

2.80
0.20
0.03
3.30

7.8
8.3
9.3
7.3

8.89
3.97
1.92
8.56

9.66
4.36
1.86
9.51

75.80
52.90
32.80
76.70

3.60
0.20
0.08
2.90

given per repeating polymer unit.

mole repeating units.

3.2 Thermoresponsive properties of isotactic-rich
PDMAEMAV
Y(OTf)3 affects the tacticity of PDMAEMA during the polymerization. The
polymer tacticity was determined by 13C NMR. When the ATRP
polymerization of DMAEMA was conducted in the presence of Y(OTf)3 the
isotactic diad (meso diad, m) content was increased to 23 and 35%. No
isotactic triads (mm) were observed for the atactic polymers. For the
isotactic-rich PDMAEMA (ir-PDMAEMA), peaks corresponding to isotactic

41

Results and discussion

triads emerge in the 13C NMR spectra. The isotactic triad content was
determined to be 3% and 16%.
For comparison, NIPAM polymerized in the presence of Y(OTf)3 results in
polymers with 83-87% isotactic diads.27 Y(OTf)3 coordinates effectively with
the nitrogens in the amide groups in acrylamides, such as PNIPAM or
PDMAAM.23,27,95 For DMAEMA, the coordination effect of Y(OTf)3 is weaker
due to the absence of a nitrogen atom in vicinity of the double bond. The
coordination is, however, at least of the same order as what has been
reported for acrylates.103
The increase in isotacticity lowers the phase transition temperature of the
polymers in aqueous solutions with pH 9. The onset temperatures of the
phase transition for atactic PDMAEMA with molar masses 23, 56, and 85
kg/mol are 42, 36, and 35 °C, respectively (Figure 18). For the isotactic-rich
polymers (52 and 46 kg/mol) the onset temperatures are at lower
temperatures, 36 and 33 °C. The enthalpy of the phase transition for the
polymers decreases both with increasing molar mass and isotacticity. In
isotactic polymers the neighboring repeating units interact with each other.
Thus, the solubility is different from the atactic polymers, in which the
interactions between neighboring repeating units are less frequent. This
difference in the solubility of the isotactic-rich segments is observed as a
change in the phase transition enthalpy of PDMAEMA. The hydration
volumes, measured by pressure perturbation calorimetry (PPC), of the
polymers are, however, almost equal. In solutions with pH 8, the enthalpies
are increasing with increasing molar mass and for the isotactic-rich polymers
the enthalpies are almost equal to those of their atactic counterparts. And as
was observed previously with the PDMAEMA grafted to clay, the hydration
volumes of the polymers increase drastically upon lowering the pH of the
solutions. The change in the hydration volume is a result of the increased
charge of the polymers, which also leads to a more extended polymer coil in
solutions. The polymer coil is also affected by the tacticity of the polymer.
Table 8.
The studied PDMAEMA polymers and their tacticities.
Denotation M n (g/mol)
PDI
Y(OTf)3/Mon* mm/mr/rr

a23
a56
a85
i52
i46

23 200
56 200
84 900
52 000
45 700

1.3
1.5
1.7
1.8
1.5

1/12
1/6

0/33/67
0/35/65
0/34/66
3/40/57
16/37/47

m/r

17/83
18/82
17/83
23/77
35/65

* Molar ratio of monomer to Y(OTf)3, m = meso diad and r = racemo diad.
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Figure 16.

The carbonyl region 13C NMR data of atactic and isotactic-rich PDMAEMA.

Figure 17.

The alkane region 13C NMR data of atactic and isotactic-rich PDMAEMA.
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Figure 18.

Table 9.

Thermograms of ir-PDMAEMA and atactic PDMAEMA in solutions with pH 9.

Calorimetric data of aqueous ir-PDMAEMA and atactic PDMAEMA solutions.

Tonset
48.1
54.8
51.9
47.2
44.3

ΔV/V (%)

1.85
1.76
2.53
1.77
1.92

Tmax
51.8
56.5
60.3
56.3
58.3

1.64
1.30
1.16
0.92
1.01

42.3
36.4
35.4
35.7
32.6

38.7
35.3
34.5
33.3
31.7

0.04
0.07
0.07
0.06
0.05

pH
8.3
8.1
8.1
8.1
8.0

Denotation
a23
a56
a85
i52
i46

ΔH (kJ/mol)

9.3
9.1
9.1
9.1
9.1

a23
a56
a85
i52
i46

0.64
0.80
0.62
0.81
0.61

The conformation of PDMAEMA coils in aqueous solutions is affected
both by the charge of the polymer chains and their tacticity. The zeta
potentials of the polymers were measured as a function of increasing
temperature. In solutions of pH 9, a drop in the zeta potential is observed
after the phase transition for all polymers, see Figure 20. In solutions with
pH 8, the zeta potential is more or less unaffected by the phase transition of
the polymer. Counterions present in the polymer coils explain the different
behavior of the polymers in solutions of pH 8 and 9. The pKa for PDMAEMA
is 7.436 and thus, the polymer is significantly less charged in solutions of pH 9
than it is in solutions of pH 8. In higher pH the counterions are squeezed out
of the polymer coil during the phase transition, this causing a decrease in the
zeta potential. In the solutions with pH 8, the polymer is strongly charged
and thus most of the counterions keep in the collapsed coil, and the zeta
potential remains almost unchanged. Only a small decrease in the zeta
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potential is observed for the atactic polymers. This charge effect also explains
why increasing molar mass increases the phase transition temperature at pH
8, as was observed with microcalorimetry. The longer the chains are the
more charges there are to resist the collapse of the polymer coil.
These findings agree with the data obtained from fluorescence
spectroscopy of aqueous solution and dispersions of PDMAEMA, as well as
clay grafted with PDMAEMA. The fluorescent probe (1,8-ANS) experienced a
change in the polarity of the collapsed polymer chains only at pH 9. At lower
pH the polarity of the probe surroundings was unaffected during the phase
transition. This indicates that the counterions are indeed condensed in the
collapsed polymer coils at pH 8, whereas they are pushed out at pH 9.

Figure 19.

Schematic illustrations, based on the combined results from calorimetric and zeta
potential measurements, of PDMAEMA chains before and after the phase transition
at pH 8 and 9, illustrating the charge of the polymer coils and the squeezing out of
counterions from the collapsed polymer coil in solutions with pH 9.
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Figure 20.

Zeta potentials of ir-PDMAEMA and atactic PDMAEMA in aqueous solutions as
function temperature at pH 9.

Figure 21.

Zeta potentials of ir-PDMAEMA and atactic PDMAEMA in aqueous solutions as
function temperature at pH 8.
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3.3 Rheological and interfacial properties of isotacticrich PNIPAM and PDMAEMAIV,V
Both PNIPAM and PDMAEMA adsorb readily to the air-water interface
causing the surface tension of the solutions to drop. The same is observed for
atactic-isotactic stereoblock polymers of PNIPAM and isotactic-rich
PDMAEMA. In all cases, for solutions with concentrations above the critical
micellization concentration (cmc), the surface tension drops to 40 mN/m.
Below the cmc, the surface tension increases with decreasing polymer
concentration and eventually reaches a value close to that of pure water (72
mN/m).
Nuopponen et al.30 have synthesized stereoblock polymers of PNIPAM
with either isotactic-atactic-isotactic (i-a-i stereoblock) or atactic-isotacticatactic (a-i-a stereoblock) block sequences. The interfacial surface properties
of these polymers were investigated. These polymers form flower-like or
branched micelles in dilute aqueous solutions. The isotactic blocks, which are
insoluble in water, form the cores of these micelles and the atactic parts the
water soluble coronas. Hietala et al. have shown that with increasing
concentration the micelles associate and form macroscopic gels crosslinked
by the isotactic segments below the phase transition temperature of the
polymers.31
Cone and plate rheological measurements of isotactic-rich and atactic
PDMAEMA solutions were made in order to investigate a possible temporary
crosslinking of the polymers via the isotactic segments. In solutions with pH
9, an increase in both the storage (G’) and loss (G’’) moduli was observed,
starting from the onset of the phase transition, except for the shortest of the

Table 10.

Characteristics of the polymers used in the interfacial studies.

Polymers
PNIPAM

M n (g/mol)

b

a24

24 300
b

a12-i10-a12

34 500

b

i2-a28-i2

b

36 700

i5-a70-i5
PDMAEMA (pH 9)
b

a56

b

a85
i46

PDI

Isotactic % Tonset (°C)

1.22

-

1.37

29.5

c

30.0

c

31.5

d

35.3

d

34.5

d

31.7

30

1.29

11

1.31

16

56 200

1.5

18

45 700

1.7

17

1.5
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The PNIPAMs were prepared by Nuopponen et al.
aSEC

33.0
c

64 700

84 900

b

a

30

data. bThe numbers indicate the molar mass of the block in kg/mol.

cIsotacticity

calculated from molar masses of atactic and isotactic blocks.

dIsotacticity

content for the homopolymer.
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polymers (a28). The isotactic-rich PDMAEMA is more elastic than the atactic
polymer with similar molar mass. This indicates the presence of associated
structures in the solutions after the phase transition due to the more
elongated coils of the isotactic-rich polymers. In solutions of pH 8, an
increase in G’ and G’’ was observed only for the polymers of highest molar
masses (a56 and a85). The isotactic-rich polymers showed only a small
increase of G’’, and G’ was unaffected by the phase transition. At this pH the
charge of the polymers overpowers any effect the isotactic segments could
have on G’ or G’’. Thus G’ and G’’ are more affected by the molar mass than
the isotacticity in this case.
Even though both ir-PDMAEMA and the stereoblock and atactic PNIPAM
adsorb to the air-water interface, their interfacial rheological properties are
very different, due to the differences in the structures of the polymers. The
stereoblock PNIPAMs have blocks which are insoluble in water and thus they
adsorb readily to the interface. Also micelle formation of these polymers
plays a role in the rheological response of the interface. The i-a-i stereoblock
polymers form flower like micelles and the a-i-a polymer branched
structures.104 The atactic PNIPAM homopolymers, and both atactic and
isotactic-rich PDMAEMA, exist as single polymer coils or as loose aggregates
in the solutions. The homopolymers are adsorbed to the interface as coils,
spreading out along the interface.
Monteux et al. have studied the buildup of PNIPAM monolayers on the
air-water interface. They found that the method of heating has a major effect
on the rheological properties of PNIPAM adsorbed on the interface. If the
monolayer at the interface is aged during each measured temperature point,
a dense monolayer is obtained. Continuous heating results in less dense
multilayers and only loosely connected globules are obtained if a fresh
interface is produced at each measuring point. Additionally they concluded
that the molar mass of the PNIPAM used had only a minor effect on the
monolayer formation.46
In dynamic measurements, heating from 11 to 38 °C, the PNIPAM
stereoblock polymers all showed an increase in the viscous moduli (G’’) as
the temperature of the solutions was increased. G’ was observed only after
the onset temperature for the phase transition was reached, after which it
increased rapidly. For the atactic polymer used as reference only a viscous
response but no elastic behavior was observed after the phase transition. The
block sequence has an effect on the properties of the monolayer developed on
the interface during the phase transition. The a-i-a polymer clearly forms a
network at the interface during the phase transition, which exhibits gel-like
behavior (G’≥G’’). The network continues to change upon further heating due
to the chain contraction and reorganization of the micelles, thus leading to a
breakdown of the network and disappearance of the gel-like response. The
flower like micelles formed by the i-a-i stereoblock polymers build fewer
bridges among themselves. The monolayer is not as elastic as in the previous
case. In cone and plate rheology measurements Hietala et al. observed that
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the solution of the i-a-i polymer gives the strongest responses in both G’ and
G’’, with almost an order of magnitude difference compared to the a-i-a
stereoblock copolymer.31 Interestingly the case is the opposite when the
polymers are adsorbed to the air-water interface.

Figure 22.

Loss (G’’) and storage (G’) moduli plotted as a function of temperature of atactic
PDMAEMA solutions (12.5 mg/mL).

Figure 23.

Loss (G’’) and storage (G’) moduli plotted as a function of temperature of irPDMAEMA solutions (12.5 mg/mL).
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Figure 24.

The micelle formation of stereoblock PNIPAM in solution and the interface during
the phase transition. Red indicates the isotactic blocks of the polymers. On the left
are branched micelles consisting of a-i-a stereoblock PNIPAM and on the right
flower-like micelles of i-a-i PNIPAM.

Figure 25.

Interfacial surface rheology (ISR) measurements of stereoblock PNIPAMs and
atactic PNIPAM.

To rationalize the findings, the following experimental facts need to be
taken into account. (i) The light scattering studies by Nuopponen et al.104
have shown that the a-i-a PNIPAM forms more loose aggregates than the
i-a-i polymers do. (ii) Zhang and Pelton have concluded that the air-water
interface can solubilize free polymer chains from PNIPAM mesoglobules at
temperatures above the phase transition.49,51 (iii) As noted already, the
interface can act as a good or a θ-solvent for certain water-insoluble glassy
polymers.43–45 Thus, it seems most probable that the air-water interface
solubilizes PNIPAM chains from the loose a-i-a PNIPAM aggregates. These
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chains spread along the interface and are able to form networks with each
other and the collapsed micelles adsorbed to the interface. The polymers in
the more compact structures of the i-a-i micelles are not as readily
solubilized to the interface and the network formation is not as prominent as
for the a-i-a polymers. However, the crosslinking between the micelles is
stronger in this case and the network does not lose its properties during the
experiment.
The solubilization of the chains from the collapsed micelles to the
interface certainly is a time dependent process. However, the kinetics of the
processes was not studied.
Increasing the temperature of the solutions increases the amount of
polymer adsorbed to the interface. Thus the surface tension of the solutions
decreases with increased temperature. The surface tension decreased upon
heating for all the PNIPAM solutions in this study. However, in the surface
tension measurements, the heating was done stepwise and with a slower rate
than in the interfacial surface rheology (ISR) measurements. The slower
heating and aging of the interface increased the amount of adsorbed polymer
at the interface.
Three PDMAEMA solutions of pH 9 were investigated by ISR. The
isotactic-rich (i46) polymer was compared with atactic polymers (a56 and
a85). Dynamic measurements from 20 to 40 °C revealed that the isotacticrich polymer is more ordered than the atactic ones. This is well in line with
the rheological studies made with cone and plate geometry using solutions
with the same concentration (12.5 mg/mL) and pH. For the isotactic polymer
a moderate increase in G’’ is observed after the phase transition of the
polymer, whereas only a slight increase is observed for the atactic polymers.
Even though PDMAEMA adsorbs readily to the interface, the monolayer does
not form a network during the phase transition nor do the PDMAEMA
aggregates concentrate on the interface, as in the case of PNIPAM. The lack
of network formation is implied by the fact that the elastic modulus is not
observed at all. The differences between the isotactic-rich and atactic
PDMAEMA are small, since the interface did not have time to stabilize. In
surface tension measurements the interface was equilibrated but no
differences between the polymers could be observed.V However the ISR
measurements could reveal differences between the polymers.

51

Results and discussion

Figure 26.

Surface tension measured as function of temperature of atactic and stereoblock
PNIPAM solutions.

Figure 27.

Interfacial surface rheology measurements of atactic and isotactic-rich PDMAEMA.

To give further strength to the conclusions drawn from the rheological
measurements, the phase transition of the stereoblock PNIPAMs was
investigated by fluorescence spectroscopy. The fluorescent probes pyrene
and 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran
(4HP) were used to assess the polarity of the micelles. In the fluorescence
spectra of pyrene the ratio between the intensities of the emission maxima I3
and I1 is sensitive to the polarity of the environment.105,106 That is, the ratio
increases when the surroundings of the probe turns less polar. In the case of

52

4HP both the intensity and the wavelength of the emission maximum are
affected by the microviscosity and polarity.107–112 In a polar environment the
emission intensity of 4HP decreases and the emission maximum shifts to
lower wavelengths.
The micelles formed by i5-a70-i5 stereoblock copolymer have a micellar
core which is the least polar. Both the I3/I1 ratio of pyrene emission and the
intensity of 4HP emission are higher in this case than for the other polymers.
For the polymer a12-i10-a12 which forms branched micelles the values of
both I3/I1 and 4HP emission intensity are lower, and for the atactic polymer
a24 the lowest. Interestingly, both the I3/I1 ratios and the emission
intensities of 4HP reach equal values for both i5-a70-i5 and a12-i10-a12 at
temperatures above the critical. The changes in the pyrene I3/I1 ratios and in
the emission intensities of 4HP induced by the phase transition confirm the
earlier conclusions on the more loose structure of the branched micelles of
a-i-a compared with the micelles of i-a-i polymers. In the case of i-a-i
polymers the probes are inside the structures formed by the isotactic
segments. As these segments do not take part in the phase transition, the
probes sense the phase transition only as a small change in the polarity of the
micelles. With the branched micelles the probes are sensing both the isotactic
and the atactic segments, thus the change in the polarity is stronger and
resembles more that of completely atactic PNIPAM.

Figure 28.

Fluorescence intensity of 4HP as function of temperature in aqueous solutions of
atactic and stereoblock polymers of NIPAM.
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Figure 29.

The ratio I3/I1 of the pyrene emission as function of temperature in aqueous
solutions of atactic and stereoblock polymers of NIPAM.

3.4 PNIPAM and P(NIPAM-NPAM) grafted gold
nanoparticles at the air-water interfaceII
Monolayers of PNIPAM, the more hydrophobic copolymer P(NIPAMNPAM), and AuNPs grafted with both polymers were studied. The
organization of these materials in the monolayers was investigated by
compressing the monolayers in a Langmuir trough. The surface pressures
were recorded at 20 °C and at theta conditions (29-33 °C). Theta conditions
for PNIPAM are reached in aqueous solutions at temperatures 2-3 °C below
the cloud point temperature of PNIPAM.113 The phase transition
temperatures for the polymers were determined by micro calorimetry and
the cloud points by turbidimetric measurements.
At low surface pressures the polymers are adsorbed and aligned along the
interface in a pancake manner. When the interface is compressed and the
surface pressure increases the polymers are forced out from the interface into
the bulk of the water, forming loops into the subphase. The homopolymer
shows the highest compressibility, whereas the copolymers show a slower
increase in the surface pressure upon compression and the final surface
pressure is somewhat lower. The hydrophobic groups anchor the copolymers
to the interface and thus upon compression they are not transferred into the
subphase, this resulting in more stable monolayers. These two observations
are more pronounced in the case of the copolymer with the highest ratio of
NIPAM:NPAM. Near theta conditions, i.e. at elevated temperatures, only a
small deviation in the surface pressure from the measurements made at 20
°C, is observed for the homopolymer during the experiment. For the
copolymers the increase in surface pressure upon compression is slower at
theta conditions. Also the surface pressure of the compressed interface is
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notably lower, than at 20 °C. All three polymers are more contracted at these
elevated temperatures and thus the area occupied by the polymers at the
interface is smaller. This is observed as a shift, of the region where loops are
formed in the subphase, to higher surface pressures.

Figure 30.

Surface pressure isotherms of PNIPAM (solid) and P(NIPAM-NPAM)s, Copo1
(dashed) and Copo2 (dotted), at 20 °C.

Figure 31.

Temperature effect on the surface pressure of P(NIPAM-NPAM) (Copo2)
monolayer at 20 (solid) and 29 °C (dashed).
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Table 11.

The polymers used in the interfacial compression studies.

Polymer

M n (g/mol)

NIPAM:NPAM

Tmax (°C)

PNIPAM
Copo1
Copo2

28 600
43 300
45 700

2.4:1
1.8:1

34.8
33.1
32.9

aDetermined

by microcalorimetry.

bDetermined

by turbidimetric measurements.

a

Tc (°C)

b

34.4
33.1
32.0

The AuNPs at the interface are significantly different from the free
polymers. The grafting of the polymers to nanoparticles forces the polymers
to be more elongated and obtain a brush like conformation along the 2D
interface. The area occupied by AuNPs is dependent on the size of the gold
core and thus also the grafting density of the particles. E.g. the area occupied
by a PNIPAM homopolymer chain (Mn 28 600 g/mol) in this study was 72
nm2, whereas the area occupied by a AuNP, with a diameter of 4.5 nm, is
10 793 nm2. The compression of the AuNP monolayers is also restricted by
the gold cores and thus the interparticle distance is of interest. The
interparticle distance was found to be heavily dependent on the length of the
polymer grafts and a temperature increase had only a small effect on the
interparticle distance. The compression isotherms are otherwise very similar
to the ones obtained for the free homopolymers. The isotherms for AuNPs
grafted with PNIPAM at 20 °C and 33 °C are almost equal. In the case of
P(NIPAM-NPAM) grafted AuNPs the isotherm shifts, since the area the
nanoparticles occupy is smaller and the surface pressure at higher
compression is higher due to the denser packing of the particles.
Table 12.

AuNPs used in the interfacial compression studies.
*

AuNP

Mn

Nr.
1
2
3
4
6

(g/mol)
6 570
7 861
13 800
14 617
28 633

7

43 300
45 700

8
aMolar

dp
a

Dp (nm)

†

(nm)
2.5
6.6
3.4
8.0
4.5

20 °C
25
54
40
72
117

near θ
71 (34°C)
115 (33°C)

b

5.3

104

92 (30°C)

b

2.9

42

41 (29°C)

masses of the polymers.

bP(NIPAM-NPAM)
*Diameter

copolymer.

of the AuNPs gold cores.

†Interparticle distance in the pancake region at 20 °C and near θ-conditions.
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Figure 32.

Surface pressure isotherms of gold nanoparticles grafted with PNIPAM (AuNP 6) at
20 °C (solid line) and 30 °C (dashed line).

Figure 33.

Surface pressure isotherms of gold nanoparticles grafted with P(NIPAM-NPAM)
(AuNP 8, right) at 20 °C (solid line) and 30 °C (dashed line).

3.5 Copolymer stabilized silver nanoparticlesI
The batch process used in the preparation for gold nanoparticles5,12,114
yielded aggregated silver particles. Thus the procedure was slightly modified,
i.e. the fragment of the RAFT chain transfer agent, the dithiobenzoate end
group, was reduced prior to the particle synthesis. In this way stable silver
nanoparticles could be obtained. The same synthetic approach was later
adopted to prepare AgNPs covalently grafted with PVP. These water
dispersable particles were used to evaluate the possible environmental
toxicity of the particles.88
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The composition of the block copolymer had a significant effect on the
morphology of the particles. The copolymer P(BuA-MMA) resulted in
particles that were heterogeneous both in size and shape, whereas the block
copolymers with an acrylic acid block resulted in spherical particles.
However, the structure of the block copolymer had an influence on the size
distribution of the produced nanoparticles. The case where the PAA block
was short and located at the thiol end of the polymer, resulted in particles
with an average size of 4 nm (st.dev. 2 nm). Changing the order of the blocks
and increasing the length of the PAA block resulted in a clearly bimodal size
distribution. In the latter case, the higher amount of acrylic acid affected the
reduction of AgNO3 in to silver by reacting with NaBH4. The stability of the
particles was also affected by the ionization of the PAA block, leading
eventually to precipitation of the particles from the organic solvent.

Figure 34.

TEM micrographs of AgNPs stabilized with the block copolymers HS-poly(AA-blockBuA-co-MMA) (B1, left) and HS-poly(BuA-co-MMA-block-AA) (B2, right). The
structure of the AgNPs is presented in the insets, where the PAA block is visualized
with blue, P(BuA-co-MMA) with yellow and the sulfide bond with red color.

Particles stabilized with poly(AA-block-BuA-co-MMA) (B1) were grown by
the ‘seed and feed’ method, adapted from Jana et al.97 The seed of the
particles was grown with four additions of AgNO3 and a mild reducing agent,
ascorbic acid. The growth resulted in particles with bimodal size distribution.
The particles were fractionated into two fractions by precipitation, one
containing small and monodisperse particles with an average diameter of 12
nm (st.dev. 2 nm). The other fraction consisted or large particles having a
mean diameter of 76 nm.
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Figure 35.

Silver nanoparticles grown by the ‘seed and feed’ method. On the left particles
before fractionation and on the right, the particles after fractionation.

Coatings on glass slides were made using the fractionated particles (12
nm). From both scanning electron microscopy (SEM) and atomic force
microscopy (AFM) micrographs of the coating, Figure 36, it can be observed
that some aggregation has occurred during the fabrication of the coating.
However, most of the particles are still freely distributed. The size of the
particles could be determined from the micrographs (19±4 nm), and roughly
15% of the investigated area was covered with nanoparticles.
The AgNPs used in these coating are not dispersable in water. However,
the dissolution of silver ions from these coatings is promoted by the short
blocks of acrylic acid near the particle surface. Da Silva Paula et al. have
shown how silver nanoparticles incorporated in a poly(styrene-acrylic acid)
matrix inhibited the growth of E.coli bacteria.13 The matrix composition was
of 9:1 styrene:acrylic acid with 25 or 50 ppm of AgNPs incorporated in the
material. In our case the release of silver ions was measured by potential
measurements using ion-selective electrodes in water. A pure silver plate
(99.999% Ag) was used as a reference. The release of silver ions was 0.085
µM/cm2/24h from the AgNP coating on a glass slide, compared to the release
of 11.9 µM/cm2 from the silver reference. After six days, the cumulative
released amount of silver ions was 0.16µM/cm2. It has been shown that silver
ion concentration of 2 µM already affects the phosphate exchange of E. coli
bacteria79 and that 9.5-18.9 µM concentrations lead to growth inhibition.80
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Figure 36.

SEM (left) and AFM (right) images of glass slides coated with silver nanoparticles
grafted with a soft acrylate block copolymer (HS-PAA-P(BuA-MMA)).
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4 CONCLUSIONS
The thermoresponsive polymers PNIPAM and PDMAEMA were studied in
this thesis, grafted to particle surfaces, as free homopolymers, as
hydrophobically modified copolymers and as polymers with increased
isotacticity content. Gold nanoparticles were grafted with PNIPAM and
hydrophobically modified PNIPAM, whereas silver nanoparticles were
grafted with soft acrylates using similar chemistry. Montmorillonite clay was
grafted with PDMAEMA and the interactions between the negatively charged
clay and the positively charged polymer were investigated.
The thermoresponsive properties of PDMAEMA were altered both by
grafting the polymer onto nanoclay particles or by increasing the isotacticity
of the polymers. PDMAEMA, a positively charged weak polyelectrolyte, was
effectively bound to negatively charged clay particles not only by covalent
bonds but also by electrostatic interactions. Two batches of polymer grafted
clay were produced, one with 6% clay and long PDMAEMA chains (232 ooo
g/mol) and another with 44% clay and short polymer grafts (51 000 g/mol).
Even a small content of clay (6%) has a clear effect on the phase transition of
PDMAEMA. The interactions between clay and the PDAMEMA grafts were
found to be dependent on the pH of the dispersion, as well as the amount of
clay, which was varied by changing the length of the PDMAEMA chains. The
interactions become stronger when either the amount of clay is increased or
the pH of the dispersions is lowered.
Increasing the isotacticity of PDMAEMA affects the conformation of the
polymer coil, as well as the thermoresponsive properties. Isotactic
PDMAEMA has a more elongated conformation in solutions than its atactic
counterpart. 35% isotactic PDMAEMA has a lower phase transition
temperature than atactic PDMAEMA. However, this change in the
phasetransition temperature is dependent on the pH of the solution. At pH 9,
where PDMAEMA chains are almost neutral, the stereochemical effects are
most prominent. Lowering the pH of the solution changes the balance
between stereochemical and electrostatic interactions. Thus the phase
transition of PDMAEMA at pH 8 is affected more by the charge of the
polymer than the stereochemical effects. The isotactic segments do cause the
polymers to be more associated, as was shown with both cone and plate and
interfacial surface rheology. In both cases the increase in the viscous (loss)
modulus (G’’) is higher for the isotactic-rich polymers than for the atactic
ones.
The air-water interface confines polymers into two dimensions.
Monolayers of PNIPAM and the more hydrophobic copolymer P(NIPAMNPAM) as well as gold nanoparticles grafted with these polymers, were
investigated on the air-water interface. Hydrophobic groups in the polymers
anchor the polymers to the interface and upon compression the copolymers
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form very stable monolayers. Grafting these polymers to gold nanoparticles
affects the way they are residing on the air-water interface. The dense
grafting of the polymers forces the polymers to adopt a more elongated
conformation than that of the free polymers. Also the gold core of the
particles affects the surface pressure of the monolayers, since they are
incompressible.
Isotactic PNIPAM is insoluble in water and in aqueous solutions of
stereoblock polymers the isotactic segments do not participate in the phase
transition of the polymers. Stereoblock polymers of isotactic and atactic
PNIPAM form micelles in aqueous solutions. Depending on the block
sequence the micelles are known to be either flower like or branched.
Fluorescence spectroscopy revealed that in the case of the flower like micelles
the core is so dense that the probes residing in them do not sense a change in
the polarity during the phase transition. In the case of the branched micelles
the structure is more lose and the probes do sense a change in the polarity
during the thermal collapse. These polymers adsorb readily to the air-water
interface and upon heating, the layer crosslinks and shows increased viscous
and elastic behavior in interfacial surface rheology measurements.
Surprisingly, the branched micelles showed the strongest elasticity at the
interface, whereas with cone and plate rheology the flower like micelles
showed more gel-like behavior than the branched ones. This is due to the
different dissolution of individual chains from the aggregated micelles into
the interface. In the case of the branched micelles, the dissolution is easier
than in the case of the flower like micelles.
Upon preparation of copolymer stabilized silver nanoparticles, the block
structure has a major effect on the particle morphology. P(BuA-MMA)
copolymer and block copolymers PAA-P(BuA-MMA) were used as stabilizing
ligands in the synthesis of silver nanoparticles for antimicrobial coatings. The
location of the PAA block was altered and it was observed that a short block
of PAA near the silver core produced the most homogenous particles. It was
also shown that even though the particles are wrapped into a water insoluble
soft acrylate coating, silver ions are still released from the coatings due to the
hydrophilic poly(acrylic acid) block in the polymers. Dispersions of the
polymer grafted silver nanoparticles are highly stable, since no aggregation
has been observed during four years of storage.
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