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Abstract  
 
Novel thermally responsive materials, e.g. microgels and graft copolymers, based on N-
vinylcaprolactam and an amphiphilic macromonomer have been synthesized. The role 
of the amphiphilic grafts on the colloidal stability of the microgels and the influence of 
the grafts on the solution properties of graft copolymers have been investigated. 

The synthesized amphiphilic macromonomer composed of hydrophilic 
poly(ethylene oxide), hydrophobic alkyl chain, and polymerizable methacrylate group is 
highly surface-active and it can be utilized as a reactive surfactant in emulsion and 
microemulsion polymerizations. Poly(N-vinylcaprolactam) (PVCL) microgels with 
varying surface charge and structure were prepared by emulsion polymerization with 
the aid of the macromonomer. The PVCL microgels undergo a reversible volume 
change from swollen to collapsed state in water when the temperature is raised. Grafting 
the responsive particles with the macromonomer increased their stability towards added 
electrolytes considerably, the effect being especially pronounced at high temperatures 
where the PVCL particles were shrunken. The high stability arises from an effective 
steric stabilization generated by the surface-bound amphiphilic grafts. 

Thermosensitive graft copolymers of N-vinylcaprolactam and the macromonomer 
were synthesized with different grafting densities. Association of the polymers in dilute 
aqueous solutions, and the effect of temperature, was compared to the solutions of 
PVCL samples of various molecular weights. Association of the polymers was studied 
below and above the LCST using static and dynamic light scattering and fluorescence 
spectroscopy. The dehydration process was monitored by high sensitivity 
microcalorimetry and pressure perturbation calorimetry from 10 to 80 °C. The polymers 
were soluble in cold water and underwent phase separation at TCP ~ 31 – 38 °C, 
depending on the molecular weight. The amphiphilic grafts increase TCP by 1-2 degree, 
compared to the homopolymer. The phase transition was endothermic and directly 
proportional to the VCL content of the polymers. Owing to the amphiphilicity of the 
grafts, the most densely grafted polymer forms intrapolymeric structures while the less 
grafted polymers build up mixtures of intra- and interpolymeric associates at 
temperatures below LCST. These assemblies solubilise hydrophobic substances such as 
pyrene. Upon heating, the graft copolymers, as well as the PVCL homopolymers, 
aggregate in water and form nano-sized particles, mesoglobules. Heat induced particles 
are exceptionally stable against further aggregation, and the dilution of the solutions has 
no effect on the particle size or shape. The stability of the particles suggests that their 
surfaces possess a hydrophilic character. The overall picture of the solution properties 
of amphiphilically grafted PVCL was strengthened with a study of fluorescently labeled 
polymers. 
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Abbreviations 
 
AIBN   2,2’-Azo-bis-isobutyronitrile 
AOT   Sodium bis(2-ethylhexyl) sulfosuccinate 
BA   N,N-methylene-bis-acrylamide 
CCC   Critical coagulation concentration 
CMC   Critical micelle concentration 
DLVO   Derjaguin-Landau-Verwey-Overbeek theory 
DMF   Dimethylformamide 
HS DSC  High sensitivity differential scanning microcalorimetry 
ITC   Isothermal titration calorimetry 
KPS   Potassium persulphate 
LCST   Lower critical solution temperature 
MAC11EO42 ω-Methoxy poly(ethyleneoxide)42 undecyl α-methacrylate,  

the macromonomer 
MeOH   Methanol 
NMR    Nuclear magnetic resonance 
Np   Naphthalene 
NRET   Non-radiative energy transfer 
PEO   Poly(ethylene oxide) 
PNIPAM  Poly(N-isopropylacrylamide) 
PPC    Pressure perturbation calorimetry  
PVCL   Poly(N-vinylcaprolactam) 
PVCL-C11EO42 Graft copolymer of N-vinylcaprolactam and the macromonomer 
PVCL-Np  Poly(N-vinylcaprolactam) labeled with naphthalene  
PVCL-Py  Poly(N-vinylcaprolactam) labeled with pyrene 
Py   Pyrene 
SDS   Sodium dodecyl sulphate 
SEC   Size exclusion chromatography 
THF   Tetrahydrofurane 
VA-086  2,2´-azo-bis[2-methyl-N-(2-hydroxyethyl) propionamide] 
VCL    N-vinylcaprolactam 
 
 
Symbols 
 
αpol Coefficient of thermal expansion of the partial volume of a polymer 
ρ   Density 
ζ   Zeta potential 
∆H   Change in enthalpy 
dn/dc   Refractive index increment 
I   Fluorescent intensity in the absence of a quencher 
I0   Fluorescent intensity in the presence of a quencher 
I1/I3 Ratio of the intensity of the emission vibration bands (0,0) and (0,3) 
Mw   Weight average molar mass 
Mw

agg   Molar mass of an aggregate 
Rg   Radius of gyration 
Rh   Hydrodynamic radius 
V    Partial specific volume 
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1. INTRODUCTION 
 
1.1  Background:  

Polymers with temperature dependent solubility in water 
 
Polymers that are soluble in water contain hydrophilic groups, which are prone to 
interact strongly with water molecules. These water-loving groups prefer to be in 
contact with water, rather than with each other. Thus, the entire polymer is solubilised if 
the number of hydrophilic groups along the polymer chain is high enough. 
Hydrophilicity rises from specific interactions between the functional groups and water 
molecules. As could be expected, molecular groups that contain strongly hydrated ions 
are able to solubilise a polymer chain, i.e. polyelectrolytes are highly water soluble in 
their dissociated form. Strongly polar groups in a polymer structure are, as well, able to 
create water solubility. For example, many acrylic polymers that carry amide, ether, or 
alcohol groups are well soluble in water. The formation of hydrogen bonds between 
hydrophilic groups and water molecules contributes favorably to the free energy of 
mixing (∆HM < 0).   

Besides that water soluble polymers contain a large number of hydrophilic groups 
they practically always carry also hydrophobici moieties, like vinyl backbone or alkyl 
segments. Hydrophobic parts of the macromolecule organize the surrounding water and 
the hydration layer adopts more structured order around the non-polar parts of the 
molecule. The re-structuring of water is entropically very unfavourable, and thus the 
hydrophobic substances are only sparingly water soluble, while trying to minimize the 
entropic loss of the system.1,2 This feature of hydrophobic molecules in water is known 
as hydrophobic effect3,4,5 and it gives rise to hydrophobic interaction, i.e. a strong, 
solvent-mediated, attraction between hydrophobic molecules in water. Therefore, an 
amphiphilic water soluble polymer experiences both repulsive and attractive forces and 
the delicate balance determines the water solubility of the macromolecule. 

The relative magnitude of the hydrophobic effect increases as the temperature of 
the aqueous solution is increased,4 and the unfavourable contribution of entropy is 
enhanced. This may lead to the chain contraction, and eventually to a phase separation if 
the balance between hydrophobic and hydrophilic groups is appropriate. This type of 
phase behaviour is typical for a large number of non-ionic water soluble polymers,6 
such as poly(N-isopropylacrylamide), PNIPAM,7 poly(N-vinylcaprolactam), PVCL,8 
Poly(vinyl methyl ether), PVME,9 and poly(ethylene oxide) PEO.10 In the PNIPAM 
case, it has been possible to monitor the conformational change of a polymer chain from 
hydrated coil to a collapsed globule while the quality of the solvent is gradually 
decreased by heating the aqueous solution.11,12,13 Opposite behavior is also detected, i.e. 
some polyelectrolytes, such as poly(sulfobetaines) may precipitate upon cooling the 
aqueous solution.14 

The temperature dependent solubility of this type of polymers has fascinated 
scientist both in academia and industry since the first observations of the 
thermosensitivity of PNIPAM15 and PVCL.16 Based on the controllable change of 
conformation of a polymer, various “smart” structures may be created that are sensitive 
to external stimulus, in this case to temperature. For example, a thermally responsive 

                                                 
i The word ”hydrophobic” is really a misnomer. It implies that the dissolved hydrophobic substance 
dislikes water, whereas, in fact, the interaction between a hydrophobic molecule and water is actually 
attractive, due to dispersion forces. However, the interaction of water with itself is much more attractive. 
Water simply loves itself too much to let non-polar substances get in its way.2 
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polymer can be cross-linked to form a responsive hydrogel, or a porous surface can be 
grafted with smart polymers to have controllable porosity and be used as thermally 
responsive filter unit.17 The balance between the hydrophilic and hydrophobic groups 
along the polymer chain determines the lower critical solution temperature (LCST), and 
therefore it is easily shifted to higher or lower temperatures by increasing the fraction of 
hydrophilic or hydrophobic groups, respectively.18 Phase separation of PNIPAM and 
PVCL takes place at approx. 32 °C, i.e. close to physiological temperature. Therefore, 
these polymers are considered to be suitable materials for novel biotechnological 
applications.19 Based on the thermosensitivity, several applications are proposed in drug 
delivery, bioseparation, diagnostics, etc.20,21,22 PNIPAM has been used, for example, in 
drug targeting for solid tumors with local hyperthermia,23,24 in thermosensitive coatings 
or micelles for controlled release of the drug,25,26 and as a cell attachment/detachment 
surface.27,28 In tablet coating a controlled release of the drug has been achieved by 
changing the LCST value of the polymer either by salt concentration or by the amount 
of added surfactant.29 The use of PVCL instead of PNIPAM is, however, considered 
advantageous because of the assumed lower toxicity of PVCL.30 At the moment, the 
number of studies on PVCL is still low, at least compared to those on PNIPAM. 

The unavoidable increase in hydrophobicity at elevated temperatures may cause 
serious problems in many applications, e.g. protein adsorption on hydrophobic surfaces 
is enhanced,31 and the colloidal stability of thermosensitive nanoparticles is drastically 
lowered at elevated temperatures. Thermally responsive systems can be, however, 
modified in various ways. Polymers have been, for example, grafted with PEO to 
provide stealth properties, i.e. to enhance the circulation time in the bloodstream.32 It 
has become evident that kinetic and thermodynamic control of thermosensitivity is 
essential and careful adjustments in the polymer composition and topology is needed.  

In this study, a novel polymerization technique is used to prepare well-defined, 
thermally responsive PVCL derivates. The technique is based on the use of amphiphilic 
macromonomers, i.e. reactive surfactants, which can be covalently attached to the 
polymer backbone. Previously, reactive surfactants have been mainly used to enhance 
the stability of latex particles, but well-defined graft copolymers can be synthesized as 
well. The present study is focused on finding out the dependence of the solution 
properties on the detailed structure of the polymeric material. 
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1.2  Poly(N-vinylcaprolactam) – A thermally responsive polymer 
 
Poly(N-vinylcaprolactam) is one of the several nonionic water-soluble polymers that 
undergo heat-induced phase separation in water. Like poly(N-vinylpyrrolidone), it has a 
repeating unit consisting of a cyclic amide, where the amide nitrogen is directly 
connected to the hydrophobic polymer backbone.  

CH

N O
CH2  n

 
Poly(N-vinylcaprolactam) 
 

The first report on the temperature dependent solubility of PVCL was published in 
1968 by Solomon et al.33 Up to 1990’s, the great majority of the studies on PVCL were 
made in the former Soviet Union. Those early studies are extensively reviewed in 
Kirsh’s book on poly(N-vinylamides).8 Recently, the interest toward PVCL and its 
solution properties has expanded, and now the phase transition of aqueous PVCL 
solutions has been investigated over the entire water/polymer composition range. 
Highly concentrated PVCL solutions (c > 50 g L-1) obey the “classical” Flory-Huggins 
miscibility behavior: in water/polymer mixtures the position of the critical point shifts 
to lower polymer concentration as the molecular weight of the polymer increases.34 The 
phase separation of the PVCL solutions in the dilute regime (c < 5 g L-1) has been the 
focus of several studies. Lau and Wu monitored the changes of the hydrodynamic radius 
(Rh) of a high molecular weight PVCL in water with temperature by light scattering 
techniques in the very dilute regime (c < 1 g L-1).35 They observed that Rh decreases as 
the solution temperature is increased close to the phase separation temperature, 
indicating a contraction of the polymer chain. The aggregation of the chains, signaled 
by an increase in the scattering intensity, was detected at a temperature in the vicinity of 
31 °C, which was defined by Lau and Wu as the lower critical solution temperature 
(LCST) of this polymer in water. Hence, a true coil-to-globule transition for PVCL has 
not been observed, although Makhaeva et al.36 have noticed that in the presence of ionic 
surfactant, a increase in temperature results a sharp drop of the hydrodynamic diameter 
of the PVCL coil at a certain critical temperature. Further insight into the water/PVCL 
interactions in solutions below and above the LCST is given in a recent IR 
spectroscopic study, in which the changes in hydrogen bonding of the amide groups and 
the hydration states of the alkyl moieties were scrutinized during the phase transition.37 
Added salts,37 surfactants,36,38 or a co-solvent,37 all affect the phase transition of 
aqueous PVCL, either increasing or decreasing the LCST. Interestingly, in most cases it 
was observed that the effect of additives was opposite to their influence on the phase 
transition temperature of aqueous solutions of poly(N-isopropylacrylamide). For 
example, whereas the addition of methanol (MeOH) to aqueous PNIPAM triggers a 
decrease of the LCST when MeOH < 55 vol %, followed by a sharp increase of the 
LCST for 55 vol % < MeOH < 65 %,39 it hardly affects the LCST of aqueous PVCL 
solutions up to a 40 % volume content.37 Such strikingly different macroscopic effects 
result from profound differences in the hydration state of PNIPAM and PVCL. 

Aqueous PVCL gels, as well, have attracted much attention, as they are non-ionic, 
biocompatible, and show a volume transition near physiological temperature.40,19 High-
sensitivity microcalorimetry studies have revealed that aqueous PVCL gels undergo two 
heat induced transitions: a low temperature transition at 31.5 °C, attributed to a 
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microsegregation of hydrophobic domains and a higher temperature transition around 
37.5 °C, corresponding to the gel volume collapse itself.41  

Because of the position of the amide linkage in the caprolactam ring, PVCL does 
not produce low molecular weight amines upon hydrolysis, unlike thermosensitive 
poly(N-alkylacrylamides). In a recent cytotoxicity study of various thermally responsive 
polymers, Vihola et al.30 have observed that PVCL was well tolerated below and above 
the phase transition temperature. This feature, together with its high complexing ability, 
and good film forming properties, enables the use of PVCL in many industrial 
applications, in particular in the biomedical field42,19 as well as in hair-care and cosmetic 
applications.43 PVCL microgels have been used in controlled drug release studies44 and 
as responsive biomaterials.45 The increase in the turbidity of aqueous PVCL solutions at 
elevated temperatures has been utilized to produce multi-layered glass materials with 
controllable light transmission.46,47 Taken together, the number of patents which involve 
PVCL as a responsive material has increased dramatically during the last couple of 
years.48 
 
 
1.3.  Colloidal stability of thermally responsive nanoparticles 
 
Polymeric nanoparticles and micelles are considered as potential materials for various 
pharmaceutical applications.49,50 Introduction of thermally responsive character further 
broadens the possibilities of smart applications, for example in diagnostics51 and pulsed 
drug release.52 A common problem with nanosized particles is the stability against 
flocculation, especially if the particle contains hydrophobic substances. The 
characteristic feature of the thermally responsive polymers is their increased 
hydrophobicity at elevated temperatures, above the LCST. This feature may be a serious 
problem in some applications because it may lead to the coagulation of the colloidal 
dispersion. Therefore, adjustments of the particle surfaces are needed, either by the use 
of various amphiphilic additives or careful chemical modification of the surface. 

The problems related to colloidal stability are not only modern. 4000 years ago, in 
ancient Egypt, a method was developed to stabilize an ink composition of that time by 
adding hydrophilic polysaccharides obtained from acacia-tree, into a colloidal 
dispersion of soot particles.53 The hydrophilic polymer adsorbed on the particles and the 
ink remained stable over a long period of time. 

Nowadays, the stability of aqueous polymer dispersions can be enhanced in several 
ways. In general, the methods can be divided into two categories: electrostatic or steric 
stabilisation. Of these the first, based on the repulsion of the electric double layers on 
the particles, is the most common. Electrostatic stabilisation is typically realised by 
using either ionic initiators or ionic surfactants or dissociating monomers in the polymer 
syntheses conducted in emulsions. Particles are obtained which repel each others due to 
entropic (osmotic) pressure caused by the counterions between the surfaces. Interactions 
of the charged surfaces are usually explained by the Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory which combines short-range attractive van der Waals and 
long range electrostatic double layer forces. The strength of the repulsion force between 
the particles and the thickness of the electric double layer may be altered by changing 
the ionic strength of the aqueous medium.54 At high electrolyte concentrations the 
repulsion between the particles vanishes and the coagulation of the particles is fully 
diffusion controlled.55,56  

Steric stabilisation may be achieved by grafting the particle surface with, e.g., 
poly(ethylene oxide), PEO, or with some other highly water soluble polymer. The 
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repulsive force has an entropic origin; when two grafted surfaces approach each other 
they experience a repulsive force once the grafted chains begin to overlap and the 
mobility of the chains decreases.54,55 Steric stabilisation by non-ionic hydrophilic 
polymers is independent of ionic strength, assuming that the added electrolyte does not 
drastically change the thermodynamic quality of the aqueous solvent. PEO has been 
shown to be an effective steric stabilisator even at high electrolyte concentrations as 
long as the molecular mass of PEO is high.57 The use of PEO is often considered 
advantageous also because PEO considerably prevents the adsorption of proteins onto 
polymer surfaces and thus, increases the biocompatibility of the polymer.58  

Stabilizing repulsive force may also arise from the specific chemical and physical 
properties of the surfaces. Repulsion might be caused by the thermal fluctuation forces 
between two undulating surfaces, as in the case of lipid bilayers where a repulsive short-
range force has been observed.59 Another origin of the repulsive force might be the 
thermal fluctuation forces on molecular scale: the steric repulsion may origin from 
hydrated molecules that are somewhat protruding into the aqueous phase due to thermal 
motion.59 Conventionally, it has been suggested that high hydrophilicity of the surface 
may generate interparticle repulsion as well, even if the surface does not contain any 
electric charge or repulsive polymer layer. This specific force is called hydration force 
or structural force and it is caused by the specific structure of the hydrogen bonded 
water layer on the particle surface. Overlapping of two structurally modified boundary 
layers is suggested to give rise to a hydrophilic repulsion.60,61,62 There is still debate on 
the existence of the hydration forces and it has been argued that in most cases the 
observed non-DLVO forces at the short-range region can be explained by other 
repulsive forces, such as the above mentioned undulation or protruding forces, 
especially when the surface is dynamically rough.63,64 
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1.4  Polymer design by amphiphilic macromonomers  
 
Over the last 15 years or so, reactive surfactants have received much attention in the 
stabilization of latex particles. The stabilization mechanism is based on covalently 
bound surfactant molecules that create either electrostatic or steric stabilization on the 
latex depending on the nature of the polymerizable surfactant. Compared to the 
conventional surfactants, the surface-bound stabilizers have many advantages. 
Conventional surfactants are held on the particle surface by physical forces, thus, 
adsorption/desorption equilibrium always exist, which may not be desirable and 
consequently, the surfactants can be easily desorbed when subjected to high shear or to 
a freeze/thaw cycle. Surfactant migration in the end product, e.g. in a film, is also 
prevented and the quality of the product is increased when using reactive surfactants. 
Another advantage is that the consumption of polymerizable surfactants in emulsion 
polymerization is lower compared to conventional surfactants due to more effective 
stabilization of surface-bound stabilizers. 

In 1958, Freedman et al.65 reported the first synthesis of vinyl monomers, which 
also functioned as emulsifying agents. Since this time, a great variety of reactive 
surfactants has been developed. In recent reviews, both ionic66,67,68 and non-ionic69,70 
reactive surfactants have been well described, as well as their use in heterogeneous 
polymerization processes. The general features of the polymerization mechanisms in 
emulsion and dispersion polymerization have been reviewed by Asua et al.71 Some non-
ionic reactive surfactants are also called amphiphilic macromonomers, since the 
molecular weights are in range of 103-104. Typically the hydrophilic part is composed 
of poly(ethylene oxide) and the hydrophobicity is achieved by an alkyl chain, although 
other types of macromonomers have been synthesized as well.72 The main application 
of these monomers is in the heterogeneous polymerizations; the surface active 
macromonomers can be used to replace conventional surfactants in emulsion and 
dispersion polymerization.  

 

CH2CH2CH3O O 42
CH2 9 CH2CH2 O C

O

C
CH3

C
H

H

Hydrophilic Hydrophobic

Reactive
 

Figure 1. Amphiphilic PEO-alkyl macromonomer MAC11EO42. 
 
Although the amphiphilic macromonomers are widely used in heterogeneous 

polymerizations to obtain latex particles, there are no reports on the synthesis of grafted 
microgels, i.e. submicron sized hydrogels. In this study, amphiphilic PEO-alkyl 
macromonomer (Figure 1) has been used as a reactive surfactant in the emulsion 
polymerization of N-vinylcaprolactam in order to synthesize grafted PVCL microgels. 
A schematic representation of the mechanism of emulsion polymerization of VCL with 
the aid of the amphiphilic macromonomer is presented in Scheme 1. It was assumed that 
the polymerization of VCL follows the general mechanism of emulsion polymerization 
of hydrophobic monomers. The main ingredients in the reaction mixture include 
monomers, water, surfactants (the macromonomer), and initiators. When stirring the 
mixture, the amphiphilic macromonomers assemble into micelles and their hydrophobic 
cores get more or less swollen by the monomer. The majority of the monomers are, 
however, located in the larger sized monomer droplets, which act as monomer 
reservoirs during the polymerization. The water-soluble radical initiator is likely to 
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initiate the polymerization in the aqueous phase and the particle nucleation takes place 
after the oligomeric radicals become insoluble (T >> LCST) and get stabilized by the 
reactive emulsifiers. After the monomers have been consumed, monodisperse cross-
linked PVCL particles are formed. The surfaces of the particles are covered with 
covalently bound surfactants. At the polymerization temperature, the particle is in a 
collapsed state and the polymer chains would dissolve upon cooling without the use of a 
cross-linker. 
 

 
Scheme 1. Schematic drawing of the emulsion polymerization of N-vinylcaprolactam using amphiphilic 
macromonomers. 

 
In a recent review, polymerizations of reactive surfactants in other organized 

media, such as in micelles, vesicles, lyotropic liquid crystals and microemulsions have 
been described.73 However, the number of studies where reactive surfactants have been 
used, for example in microemulsion polymerization, is still scarce. Amphiphilic PEO-
macromonomers might be very suitable for microemulsion polymerization, since it is 
common to use the non-reactive PEO-surfactant as co-surfactants with anionic 
emulgators.74,70 By changing the ratio between reactive and non-reactive surfactant it 
would be possible to achieve graft copolymers with different degrees of grafting 
(Scheme 2).  

 
Scheme 2. Schematic presentation of microemulsion polymerization of N-vinylcaprolactam with or 
without a reactive surfactant. After purification either a linear polymer (polymerization in the absent of 
MAC11EO42) or a graft copolymer is achieved (AOT has been partially replaced with MAC11EO42). 
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Well-defined graft copolymers have been synthesized also by copolymerizing 
macromonomers in solution. Utilizing the macromonomer technique, a great variety of 
polymeric architectures, such as comb-like, brush-like, and star-like copolymers, has 
been synthesized.72,75,76 Especially interesting structures are achieved when a 
hydrophobic monomer is copolymerized with a hydrophilic macromonomer, and vice 
versa. The synthesized graft copolymers show a wide range of solution properties in 
water due to the varying hydrophilic/hydrophobic balance. For example, 
hydrophobically modified water soluble macromolecules associate in water forming 
hydrophobic microdomains.77 These assemblies impart both dilute and semidilute 
solutions of unique properties which have found numerous industrial applications.78,79,80  

Schulz et al. have used methacrylate functionalised amphiphilic macromonomers 
composed of an alkyl segment and a PEO chain, as comonomers with acrylamide.81 The 
structure of the macromonomer employed in this study was such that the polymerizable 
group was attached to the hydrophilic end of the amphiphile. As a consequence, in the 
graft copolymer the hydrophobic anchor was separated from the polymer backbone by a 
hydrophilic PEO spacer. The resulting graft copolymers predominantly formed 
interpolymeric associates in aqueous solutions with the polymer concentration higher 
than the overlap concentration C*. The presence of such associates results in an 
enhancement of the solution viscosity, compared to that of the unsubstituted polymer. In 
dilute solutions, however, the graft copolymer adopts a contracted conformation via 
intramolecular interactions and the amphiphilic grafts form micellar structures within a 
polymer chain. PNIPAM has also been grafted with hydrophobically modified PEO-
chains.82 In that study Berlinova et al. showed that the copolymers of NIPAM and the 
macromonomers consisting of PEO with a terminal perfluorooctyl group, form intra- or 
intermolecular associates in water depending on the grafting density and on the 
concentration of the solution.  

In the present study, an amphiphilic PEO-alkyl methacrylate was used as a co-
monomer of N-vinylcaprolactam in solution polymerization, to prepare amphiphilically 
grafted poly(N-vinylcaprolactam). Contrary to the previous studies with amphiphilically 
grafted associative polymers,81,82 the macromonomer was designed in such a way that 
the polymerizable group is linked to the hydrophobic end of the amphiphile (Scheme 3), 
in order to favor the intramolecular association of the alkyl segments. On the other 
hand, it is known that hydrophilic PEO chains stabilize colloidal particles formed by 
thermally responsive polymers at elevated temperatures.83,84 It was therefore expected 
that the introduction of amphiphilic grafts on a polymer chain would modify the 
structure of the heat-induced aggregates, and possibly stabilize them against 
flocculation, as in the case of sterically stabilized latexes. 
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1.5  Objectives of the study 
 

The major objective of this research was to synthesize novel thermally responsive 
polymers based on poly(N-vinylcaprolactam). Different polymeric architectures were 
obtained via macromonomer techniques, which in this study were based on the use of an 
amphiphilic PEO-alkyl methacrylate macromonomer. The monomer was utilized either 
in heterogeneous polymerizations as a reactive surfactant or as an amphiphilic co-
monomer in solution polymerization with N-vinylcaprolactam to obtain surface grafted 
microgels or amphiphilic graft-copolymers, respectively.  

Accordingly, the overall study can be divided in two sections: in the first part of 
the study, the macromonomer technique is applied in the emulsion polymerization of 
VCL, the main goal being sterically shielded microgels that have a high colloidal 
stability. The issues that affect the stability of different PVCL microgels were 
scrutinized. For that purpose, PVCL particles with varying surface charges and with 
different surface structures were synthesized. Secondly, the aim was to synthesize 
amphiphilically grafted thermally responsive polymers which are capable, on one hand, 
to form associates below the LCST, and on the other, build up sterically shielded 
colloidal particles at elevated temperatures. 

New properties that arise from the introduction of the amphiphilic chains to the 
PVCL backbone are evaluated and the behavior of the graft copolymers is compared to 
that of the PVCL homopolymer. To obtain a better understanding on the solution 
behavior of the graft copolymers, detailed studies on the thermal properties of PVCL 
homopolymers were conducted, as well. The overall picture was strengthened with 
studies on fluorescently labeled polymers. 

 
More specifically, the aims were 
 
 to synthesize the amphiphilic macromonomer and utilize it in heterogeneous 

polymerizations of N-vinylcaprolactam (I) 
 to prepare various PVCL microgels with different surface structures and to 

evaluate the factors that affect their colloidal stability (II) 
 to investigate the general phase behavior of poly(N-vinylcaprolactam) using 

microcalorimetric techniques together with light scattering experiments. (III) 
 to synthesize amphiphilically grafted PVCL and to assess the impact of the 

grafts on the solution properties below and above the LCST (IV) 
 to obtain additional information on solution properties of PVCL by the 

investigation of the fluorescently labeled polymers. (V) 
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2. EXPERIMENTAL 
 
2.1  Materials 
 
2.1.1  Macromonomer synthesis.     (Paper 1) 
 
The amphiphilic PEO macromonomer was synthesised from 11-bromoundecanol, 
poly(ethylene oxide)42 monomethylether and methacryloyl chloride using the method 
reported by Liu et al.85 First, the hydroxyl group in 11-bromoundecanol (0.09 mol) was 
protected with 3,4-dihydro-2H-pyran (0.32 mol). Then, the protected 11-
bromoundecanol (0.03 mol) was connected to the hydroxyl end group of poly(ethylene 
oxide)42 monomethylether (0.015 mol) using the Williamson reaction. The protective 
group was removed by acid hydrolysis and finally, a reactive methacrylate end group 
was introduced to the ω-methoxy poly(ethylene oxide)42 undecanol (0.01 mol) using 
methacryloyl chloride (0.05 mol). The macromonomer was purified by precipitating 
from chloroform with ether. The pure product was dried in vacuum and stored at -18 °C 
in darkness. 

O
Br CH2 O11

CH2CH2CH3O O H42

CH2CH2CH3O O 42 O
CH2 O11

CH2CH2CH3O O 42 CH2 OH11

CH2CH2CH3O O 42 CH2 O11 C C
O

CH2

CH3

N
Et

Et Et Cl C
C

O
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Br CH2 OH11

O
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-

H
+

(MAC11EO42)  
 

Scheme 3. The reaction scheme of the synthesis route of the macromonomer. 
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2.1.2  Polymerizations in heterogeneous environment 
 
2.1.2.1 Emulsion polymerization     (Papers I & II) 
 
PVCL microgels were prepared by batch emulsion polymerisation in a 500 cm3 
thermostated double-wall reactor fitted with a mechanical teflon stirrer. N-
vinylcaprolactam monomer, the crosslinker (N,N-methylene-bis-acrylamide, BA), 
surfactant (either SDS or MAC11EO42), and 240 cm3 of water were transferred to the 
reactor. The amount of the crosslinker BA was 2 mol% of the monomer feed, except in 
the case of E1 where 3 mol% of BA was used. The details of the polymerisation 
reactions are collected in Table 1. The solution was purged with nitrogen for 60 min to 
remove dissolved oxygen. At the same time the mixture was emulsified by stirring at 
400 rpm. The initiator, either potassium persulphate or VA-086, was added through the 
septum to start the reaction. The polymerisation was carried out at 70 °C or 75 °C for 20 
h. After the reaction the microgels were purified by dialysis against water for 7 days. 
 
Table 1. Summary of the reaction conditions in emulsion polymerizations. 
Sample VCL Surfactant (g/L)  Initiator (g/L) Temperature Reaction time 

 (g/L) SDS MAC11EO42  KPS VA-086 (°C) (h) 
E1 6.70 0.42 -  0.25 - 70 20 
E2 6.70 0.42 -  - 2.69 75 20 
E3 6.70 - 2.94  0.25 - 70 20 
E4 6.70 - 2.94  - 2.69 75 20 

 
Grafted microgel particles (E1-g) were prepared also by post-modification of a 

non-grafted PVCL microgel with the macromonomer. The grafting was accomplished 
by following process: A dilute aqueous dispersion of PVCL microgel E1 (0.35 g/L) and 
the macromonomer MAC11EO42 (1.0 g/L) was prepared. The mixture was stirred at 400 
rpm for 2 h with a nitrogen purge to remove oxygen. Then the solution was heated to 50 
°C, and KPS solution (total conc. 54 mg/L) was added to start the grafting reaction. 
After grafting the solution was purified by dialysis for 1 week. 
 
 
2.1.2.2 Microemulsion polymerization    (unpublished data) 
 
Transparent microemulsions of N-vinylcaprolactam in water were obtained by using 
anionic surfactant Aerosol OT (AOT), Sigma-Aldrich 99%, as emulsifying agent. The 
amphiphilic macromonomer was used as co-surfactant in order to synthesize grafted 
polymers. AIBN was used as a radical initiator. The monomers and AIBN were purified 
as in the previous syntheses. It should be emphasized that the purity of AOT is 
essential; residual impurities may act as inhibitors in polymerizations. The general 
features of microemulsion polymerization of VCL have been described previously by 
Eisele and Burchard.86 

The microemulsion polymerizations were conducted as follows: A mixture of 
monomers, AIBN, AOT and distilled water was placed in a round-bottom flask at 10 °C 
(Table 2). The mixture was agitated with magnetic stirrer under nitrogen flow, until a 
clear solution was achieved (1 hour). The polymerization was initiated by placing the 
reaction flask in an oil bath at 50 °C. After a 2 hours period, the reaction mixture was 
cooled down. The highly viscous solution was diluted with water and the anionic 
surfactant AOT was removed by a Dowex 1X8 anion exchanger resin. The unreacted 
monomers were removed by three successive centrifugations from water at 15 000 rpm 
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at 45 °C. Finally, the polymers were dialysed against water for 7 days and then freeze-
dried.  

Molecular weights were determined with static light scattering and the 
compositions were ascertained with 1H-NMR (Table 2). 
 
Table 2. Summary of the reaction conditions for the microemulsion polymerizations of VCL and 
MAC11EO42 and characteristics of the products. 
Sample [VCL] 

(g/L) 
[MAC11EO42] 

(g/L) 
AOT 
(g/L)

[AIBN] 
(g/L) 

Temperature a 

(°C) 
Mw

b 
(g/mol) 

MAC11EO4 
content (wt %) 

PVCL-µ 100 - 40 0.75 50.0 1 260 000 - 
PVCL-graft-µ 100 20 40 0.75 50.0 1 300 000 14 
a It was crucial to maintain the temperature at maximum of 50 °C. Exceeding 50 °C lead to precipitation. 
b Apparent molecular weight was measured by static light scattering 
 
 
2.1.3  Solution polymerizations 
 
2.1.3.1 PVCL homopolymers      (Paper III) 
 
In order to prepare PVCL samples of varying molecular weights, N-vinylcaprolactam 
was polymerized in solvents with different chain transfer capacities varying the initial 
molar ratios of the monomer and the initiator. AIBN was employed in polymerizations 
carried out in organic solvents, whereas a water soluble initiator, VA-086, was used in 
the polymerization of VCL carried out in water to obtain a sample of high molecular 
weight. 

A solution of VCL in the selected solvent (Table 3) was degassed with nitrogen for 
30 min. It was heated to 70 °C, unless otherwise indicated. As soon as the 
polymerization temperature was reached, a solution of the initiator was injected into the 
solution. At the end of the polymerization, the mixture was cooled to room temperature 
and the polymer was isolated by precipitation in hexane. The polymer was purified 
further by two reprecipitations from THF into hexane. In the case of PVCL-1500 it was 
necessary to dry the polymer in vacuo prior to reprecipitation. All polymers were 
purified further by dialysis against water (7 days) and isolated by freeze-drying. 
 
Table 3. Summary of the reaction conditions and molecular characteristics of the PVCL homopolymers. 
Sample Solvent [VCL] 

(mol/L) 
[Initiator] 
(mmol/L) 

Temperature 
(°C) 

Reaction 
time (h) 

Mw 
(g/mol) c 

PDI d 

PVCL-1500 Watera 1.08 7.28 70 20 1 500 000 2.3 
PVCL-1300 Benzeneb 1.08 7.03 35 68 1 300 000 1.8 
PVCL-330 Benzeneb 1.08 2.56 70 20 330 000 1.6 
PVCL-30 Tolueneb 1.08 2.56 70 20 30 000 1.4 
PVCL-21 2-Propanolb 1.08 2.56 70 20 21 000 1.7 
a Initiator VA-086 
b Initiator AIBN 
c Measured by static light scattering 
d Measured by SEC 
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2.1.3.2 PVCL grafted with MAC11EO42    (Paper IV) 
 
The graft copolymers were obtained by free radical polymerisation of VCL and 
MAC11EO42 in benzene using similar reaction conditions as in the synthesis of the 
homopolymer PVCL-330. A solution of monomers in benzene was degassed with 
nitrogen for 30 min, after which it was heated to 70 °C, see Table 4. As soon as the 
polymerization temperature was reached, a solution of AIBN was injected into the 
solution. After 20 hr, the mixture was cooled down to room temperature and the 
polymer was isolated by precipitation into hexane. The polymer was purified further by 
two reprecipitations from THF into hexane, followed by extensive dialysis against water 
(5 days). Finally, the polymer was isolated by freeze-drying from aqueous solution. The 
structure and purity of the polymer was ascertained by 1H NMR spectroscopy with a 
200 MHz Varian Gemini 2000 spectrometer: δ, (ppm, CDCl3): 4.4 (1 H, -NCH- at α 
position), 3.2 (2H, -NCH2-), 2.4 (2H, -COCH2-), 1.2–2.0 (6H, -CH2- at caprolactam 
ring, and 2H, -CH2- at backbone). The spectrum of grafted PVCL shows a well 
separated signal at 3.7 ppm, corresponding to methylene protons of the macromonomer 
ethyleneoxide chains. The degree of grafting of the copolymers was determined based 
on the signals at 3.7 and 4.4 ppm.  

The apparent molecular weights and the composition of the polymers can be seen 
in Table 4. The molecular weight distribution of the copolymers was approximately 1.7 
for all polymers, as estimated by SEC with polystyrene standards. 
 
Table 4. Summary of the reaction conditions. 
Sample [VCL] 

(mol/L)) 
[MAC11EO42] 

(mmol/L) 
[AIBN] 

(mmol/L) 
Mw 

(g/mol) a 
MAC11EO4 

content (wt %) 
PVCL-g-6 1.08 3.6 2.56 71 000 6.3 
PVCL-g-13 1.08 7.1 2.56 310 000 13.0 
PVCL-g-16 1.08 10.9 2.56 250 000 15.8 
PVCL-g-18 1.08 14.5 2.56 300 000 18.3 
PVCL-g-34 1.08 21.3 2.56 260 000 34.0 
a The molecular weights were measured with static light scattering and should be taken as apparent ones. 
 
 
2.1.3.3 Fluorescently labeled polymers    (Paper V) 
 
PVCL and C11EO42 grafted PVCL were fluorescently labeled by solution 
polymerization of corresponding monomers and polymerizable labels, (1-
pyrenylmethyl)acrylamide (PyAAm) and 1-(1-naphthyl)ethylacrylamide (NpAAm). The 
synthesis of the reactive labels has been reported in detail in paper V. 

All polymerizations were conducted in solution, either benzene or 
dimethylformamide (DMF), using AIBN as a free-radical initiator, concentrations are 
listed in Table 5. The monomers were dissolved in the solvent and the solution was 
bubbled with nitrogen for 30 minutes at room temperature. The reaction mixture was 
heated to 70 °C, charged at once with the initiator solution (2.1 mmol/L), and kept at 70 
o C for 15 hours. After that the reaction mixture was cooled to room temperature, the 
polymer was isolated by precipitation from benzene into hexane or from DMF into 
diethyl ether. The polymers were purified further by two additional precipitations from 
THF into hexane. The recovered dry polymers were dissolved in water and dialysed 
against water for seven days. They were isolated by freeze-drying.  
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Table 5. Summary of the reaction conditions in the synthesis of labeled thermosensitive polymers. 
     Composition   
Sample [VCL] 

(mol/L) 
[MAC11EO42] 

(mmol/L) 
[PyAAm] 
(mmol/L)

[NpAAm] 
(mmol/L) 

MAC11EO42 
(mol%) 

Label 
(mol/g) 

Mw 
(g/mol) 

PVCL-Py1 0.90 - 3.0 - – 3.3 × 10-5 220 000
PVCL-Py2a 0.90 - 3.0 - – 6.7 × 10-5 47 000 
PVCL-C11EO42-Py1 0.90 11.8 3.0 - 1.1 2.8 × 10-5 290 000
PVCL-C11EO42-Py2a 0.90 11.8 3.0 - 1.2 4.6 × 10-5  36 000 
PVCL-Np 0.90 - - 3.0 – 3.2 × 10-5 210 000
PVCL-C11EO42-Np 0.90 11.8 - 3.0 1.1 2.7 × 10-5 250 000
a Polymerised in DMF. 

 
The structure and purity of the polymers were ascertained by 1H NMR 

spectroscopy with a 200 MHz Varian Gemini 2000 spectrometer. The degree of grafting 
was determined as was previously described in the cases of graft copolymers. The 
incorporation levels of pyrenyl and naphthyl groups were determined from the 
absorbance of polymer solutions in methanol, using as model compounds 1-
pyrenylmethylamine (ε = 37000 at 340 nm) and 1-(1-naphthyl)ethylamine (ε = 7900 at 
290 nm) for the Py and Np groups, respectively. The compositions of the copolymers 
are listed in Table 5.  
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Figure 2. Chemical structures of the PVCL homopolymer, PVCL grafted with MAC11EO42, and 
the labeled polymers. 
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2.2  Characterisation 
 
The experimental details of the characterization and experimental methods can be found 
in the original papers as follows: 
 
Aqueous solution properties of the amphiphilic macromonomer were examined with 
various techniques and the critical micellation concentration was determined with light 
scattering, isothermal titration calorimetry and fluorescent probe measurements.I, V 
 
Cross-linked microgels were analyzed with laser light scattering at various 
temperaturesI, II and the zeta potentials were estimated with capillary electrophoretic 
experiments.II Other analyses carried out for microgels included 1H-NMR relaxation 
and diffusion measurements.I The stability of the microgels in the presence of added 
electrolyte was studied spectrophotometrically by following the changes in turbidity at 
various concentrations of barium chloride.II  
 
The structure and purity of the graft-copolymers and PVCL homopolymers were 
ascertained with 1H-NMR and size exclusion chromatography.III, IV, V Hydrodynamic 
sizes and the structure of the heat induced aggregates were examined with dynamic and 
static light scattering. III, IV, V Temperature dependent hydration of the polymer chains 
were followed with a high sensitivity microcalorimetry together with pressure 
perturbation calorimetry.III, IV Fluorescent probe experiments were carried out for the 
amphiphilic macromonomer and the graft-copolymers.IV  
 
Pyrene and naphthalene labeled polymers were analyzed with various fluorescent 
spectroscopy techniques. The fluorescence spectroscopy experiments were based on the 
photophysics of pyrene, which was incorporated either as a hydrophobic probe or as a 
covalently attached label (Figure 2). The naphthalene labeled polymers were used in the 
non-radiative energy transfer measurements (NRET) together with the pyrene labeled 
polymers. A general description of the used fluorescence techniques and detailed 
information of the measurements are given in paper V. 
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3. RESULTS AND DISCUSSION  
 
3.1 Micellization of the amphiphilic macromonomer (Papers I & IV) 
 
The amphiphilic macromonomer was successfully synthesized following the four-step 
synthesis route (Scheme 3). The functionality was very close to unity, ascertained by 
1H-NMR spectrum of the macromonomer in deuterated chloroform. 

Detailed information on the association properties of the amphiphilic 
macromonomer in water is needed in order to evaluate its potential in heterogeneous 
polymerization where the surface activity is essential. A detailed picture of the 
association parameters of the macromonomer is needed also to complement the data 
gathered in the study of the amphiphilically modified PVCL samples, as will be 
described in the section 3.3. Self-association property of the macromonomer was 
studied with various methods and the critical micellation concentration (CMC) of 
MAC11EO42 was determined by light scattering, by fluorescent probe experiments, and 
finally with isothermal titration calorimetry measurement. 

Light scattering instrument was used to follow the intensity of light scattered 
from aqueous macromonomer solutions. The intensity increases sharply when the 
amphiphilic macromonomers start to form micelles, see Figure 3. The hydrodynamic 
size distribution of the micelle is narrow and the mean hydrodynamic diameter is 
approximately 8 nm. 
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Figure 3. (left) Dependence of the scattered light intensity on the concentration of the macromonomer. 
The intensity is given in counts of photons per second, cps. Size distribution of the MAC11EO42 micelle is 
presented in the inset (c = 5 mmol/L). (right) Schematic drawing of the micellation of the macromonomer. 

 
The association of the macromonomers was evaluated also with pyrene probe 

measurements. Pyrene is a hydrophobic probe which reports changes in its 
microenvironment by changes in the fine structure of its emission band87 In the presence 
of micelles, Py is preferentially solubilised in the hydrophobic core of the micellar 
assemblies. The change in the microenvironment of pyrene, from hydrophilic to 
hydrophobic can be detected by monitoring the ratio, I1/I3, of the intensities of the [0,0] 
band (λ 376nm) and the [0,3] band (λ 387 nm). The ratio decreases, from a value of ~ 
1.60 recorded in water, to a value of ~ 0.60, in a hydrocarbon medium.87 Changes in the 
ratio I1/I3 for Py dissolved in solutions of increasing macromonomer concentration are 
shown in Figure 4. In solutions with a low macromonomer concentration (< 0.2 
mmol/L) the ratio I1/I3 is constant, taking a value typical for pyrene dissolved in water. 
As the macromonomer concentration exceeds a concentration of ~ 0.5 mmol/L, the I1/I3 
ratio decreases, an indication that micellization of the macromonomers is taking place in 
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the solution. The ratio I1/I3 reaches a constant low value in macromonomer solutions 
with concentration higher than ~ 3mmol/L. The concentration region (0.5 - 3 mM) 
corresponds to the progressive solubilization of pyrene within the hydrophobic domains 
of the macromonomer micelles. The lowest I1/I3 value (~1.20) recorded in solutions of 
[MAC11EO12] > 3 mmol/L is similar to the value 1.18 measured for pyrene in micellar 
solution of PEO surfactants, such as Brij 35 (C12EO23).87 

It was further observed that as the macromonomer concentration increases, the 
total fluorescence intensity decreases, a trend opposite to the commonly observed 
increase in the emission intensity as Py passes from hydrophilic to hydrophobic 
environments. The decrease in Py emission intensity may reflect the fact that pyrene 
solubilized in the micellar core is placed in a close proximity of the methacrylate end 
groups of the macromonomer, known to act as quenchers of Py fluorescence.88 A 
similar observation was made earlier for styrene functionalised reactive surfactants.89 
The information on the locus of the reactive unit of a polymerizable surfactant is crucial 
when the molecule is intended to be used in emulsion polymerization. Since the reactive 
methacrylate is located in the interior of the micelles (Figure 3) the unfavorable 
aggregation between the propagating micelles in emulsion polymerization is not likely. 
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Figure 4. Semilogarithmic plot of the changes 
of ratio I1/I3 for pyrene in aqueous solutions of 
MAC11EO42 as a function of macromonomer 
concentration. 
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The micellization of MAC11EO42 was monitored also by isothermal titration 
calorimetry, adding concentrated solution of the macromonomer (8.62 mM, i.e > CMC) 
into water. Each injection produced an exothermic signal which, with the number of 
injections, remained constant, then decreased. The dilution enthalpy of the 
macromonomer micelle as a function of macromonomer concentration was determined 
by integration of each peak. The resulting enthalpogram (Figure 5) presents a transition 
point (~ 0.95 mmol L-1) corresponding to the onset of association of the 
macromonomer. The heat absorbed upon injection of the macromonomer into water 
before reaching the CMC (~ - 12.5 kJ/mol) is a sum of several contributions: the heat of 
dilution of the micelles, the enthalpy of demicellization, and the heat of dilution of 
individual macromonomer molecules. When the macromonomer concentration in the 
cell exceeds 0.95 mM, the heat evolved decreases, signalling that an increasing fraction 
of the macromoner micelles injected per aliquot remains in the associating form, rather 
than disintegrating into isolated macromoners. The transition point noted in the 
enthalpogram corresponds to the value recorded by the fluorescence probe experiment 
for the onset of micellization. The fluorescence measurement also led us to conclude 
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that the micellization process takes place over a wide macromonomer concentration 
range (Figure 4). It was not possible to record an ITC enthalpogram for [MAC11EO42] > 
1.5 mmol/L and to reach the concentration where the micellization process is complete, 
which in the case of a normal surfactant observed by a constant enthalpy of dilution.90  

The CMC measured using the above methods differs slightly from that reported 
by Liu et al.91 for a same type of a macromonomer (0.14 g/l). In the latter case, the CMC 
was determined by surface tension measurements. In all the polymerizations reported 
here, where the macromonomer was used (direct emulsion polymerization E1, and the 
post modified microgel E1-g) the macromonomer concentration was well above the 
critical. Because the measured value for CMC is fairly low only a few of 
macromonomers homopolymerize in the aqueous solution phase.92 The hydrophobic 
monomer N-vinylcaprolactam most probably diffuses into the hydrophobic cores of the 
micelles either before or during the polymerization. The macromonomer used in this 
work seems to be a proper choice for a reactive surfactant. 
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3.2  Thermosensitive microgels    (papers I & II) 
 
Emulsion polymerization was used to prepare cross-linked PVCL microgels. Schematic 
representation of emulsion polymerization of N-vinylcaprolactam with the aid of 
amphiphilic macromonomer is presented in Scheme 1 and the experimental details are 
reported in Table 1. In the syntheses, particular attention was paid on the surface 
properties of the microgels. For this reason, four different PVCL microgels were 
prepared by a specific selection of the initiators and surfactants. Negatively charged 
particles were obtained by using an ionic initiator potassium persulphate, KPS, which 
upon decomposition forms sulphate anion radicals that covalently bind to the growing 
polymer. Ionic surfactants like sodium dodecyl sulphate (SDS) can bind to the polymers 
and, in spite of a thorough purification of the product, introduce an electric charge, as 
well.93 Nonionic microgel particles were prepared in emulsions where both the initiator 
and the surfactant were electrically neutral (Figure 6). Grafted particles were also 
prepared by post modifying PVCL microgels with the macromonomer. Thus, it has 
been possible to compare the effectiveness of the stabilization in each case and further, 
to study the effects of electric charges and non-ionic polymeric grafts on the thermal 
properties of the polymers. 
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Figure 6. Structure of the initiators and the surfactants. Water soluble initiator VA-086 and the 
amphiphilic macromonomer, MAC11EO42, are both non ionic. Sodium dodecyl sulphate, SDS, and 
potassium persulphate, KPS, are ionic. 

 
In general, the size distributions of the PVCL microgel particles synthesized by a 

batch emulsion polymerization are monomodal and reasonably narrow. This is the case 
regardless of the choice of the emulgator, either SDS (E1, E2) or the macromonomer 
(E3, E4). The size distributions remain monomodal also after the grafting conducted as 
a second step. A typical size distribution of a PVCL microgel (E1) at 20 °C is presented 
in Figure 7, as well as the effect of grafting, as a second step, on the hydrodynamic size 
(E1-g). 
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Figure 7. Size distributions of the PVCL particle E1 before and 
after the grafting in water at 20 °C. 
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3.2.1 Thermosensitive properties of the microgels 
 
The sizes of the electrically charged and electroneutral particles were measured as a 
function of increasing temperature, and are shown in Figure 8. The thermal collapse of 
the various PVCL particles turned out to be a more or less continuous process 
regardless of the particle charge and the presence or absence of amphiphilic grafts. The 
PEO derivatives bound to the particle surfaces had only a minor effect on the transition 
temperature. Even though the sizes of the particles at lower temperatures varied, in 
every case the hydrodynamic radius decreased to approximately half of its original 
value upon heating above the LCST. Owing to the complexity of emulsion 
polymerisation systems there are several reasons for the differences in the particle sizes. 
The surfactants used in the present study probably differ in their effectiveness in 
stabilising the growing polymer particles. An ionic initiator produces oligomeric radical 
anions which may act as surfactants. Different dissociation rates of the initiators 
influence on the number of polymer particles produced and thus, also on the rate of 
polymerisation. These factors consequently lead to differences in the particle sizes. 
 

 
 
 
 
 
 
 

 
 
 

Figure 8. (a) Temperature dependence of the hydrodynamic radius of charged PVCL microgels E1 
(1), E2 (3) and the grafted one E3 (2). (b) Temperature dependence of the Rh of the electroneutral 
grafted PVCL microgel E4 
 
Introduction of the amphiphilic macromonomer chains on the surface of PVCL 

microgels by post-modification reaction does not have remarkably effect on the thermal 
properties of the PVCL microgel, i.e. grafted particle E1-g collapse gradually at the 
same temperature range as the precursor E1. Also, the degree of shrinking is 
approximately the same for the studied microgels: the hydrodynamic radii at 20 °C are 
double compared to the sizes at 50 °C. 
 
 
3.2.2 Surface bound amphiphilic grafts 
 
Molecular level information on the conformation of surface bound MAC11EO42 chains 
is needed in order to evaluate the efficiency of the macromonomers to sterically shield 
the particles against coagulation. The mobility of the amphiphilic graft was followed 
with relaxation time measurements over a broad temperature range and further 
information on the grafts was gathered by NMR diffusion measurements. 

The relaxation times T1 of the CH2 protons of the PEO component of the grafts 
were measured for micellar solution of MAC11EO42 and for various MAC11EO42-grafted 
microgels. The measurements were conducted at various temperatures, i.e. below and 
above the volume transition temperature of the microgels. With increasing temperature 
the relaxation time of all the samples increases. The relaxation profiles were found to fit 
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well to a single exponential. Different samples behave quite similarly and no significant 
change in the relaxation behavior could be observed in any of the samples at the 
transition temperature around 35 °C. All measured relaxation times fall into the same 
straight line, within an experimental error. 

The relaxation rates of the PEO protons are of the same order of magnitude in all 
samples, in the entire temperature range studied, i.e. the dynamics of the PEO segment 
is not affected by the collapse of the PVCL particle. This implies that the grafts are in a 
brush conformation as in the case of macromonomer micelle (Figure 3) at temperatures 
below and above the critical. Previously, it has been shown94 that PEO macromonomers 
take a brush conformation on the surface of latex particles if the conversion in 
copolymerisation is high enough. 

 
The diffusion coefficients of the CH2 protons in the PEO part of the chain in 

different samples were measured with increasing temperature. The diffusion coefficients 
are shown against temperature in Figure 9. It can be seen that for the micellar solution 
of the macromonomer, the diffusion coefficient increases slightly with temperature as 
was expected. The diffusion coefficient of the CH2 protons in the PEO segment in the 
macromonomer mixed with the PVCL microgel E1 is of the same order of magnitude as 
that of the micelle. This probably indicates that macromonomers adsorbed on the 
particle surface tend to dissolve in the aqueous phase during the collapse transition or 
that a significant part of the macromonomers is dissolved as micelles in the mixture. 
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Figure 9. Diffusion coefficients of the samples: (1) and (2) MAC11EO42-grafted 
microgels, (3) mixture of PVCL microgel E1 and the macromonomer, (4) micellar 
solution of macromonomers. 

 
For the grafts covalently bound to the PVCL microgels the temperature 

dependence is different, see Figure 9. Above the LCST of PVCL, a considerable 
increase in the diffusion coefficient is observed. The sudden increase may be attributed 
to the shrinking of the particle which leads to an increase in the rate of its translational 
diffusion and, consequently, also in the rate of diffusion of the grafts bound to the latex 
particle surface. The values of the diffusion coefficients above the LCST should be 
taken as apparent ones because the measurements were complicated by the 
heterogeneity of the collapsed samples. The comparison between the mixture of a 
polymer particle and the macromonomer on one hand and the particles grafted with the 
macromonomer on the other evidently indicates that a majority of the macromonomers 
feel the changes in the sizes of the grafted particles. Thus, the grafts are covalently 
attached on the particles forming a highly mobile steric barrier on the surfaces. 
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3.2.3  Colloidal stability of the microgels 
 
Colloidal stability of the studied microgels arises from different origins. MAC11EO42-
grafted microgels are expected to be sterically stabilised against coagulation while the 
stability of the non-grafted particles has basically an electrostatic background. Thus, an 
analysis of the surface charge of the particles is needed in order to evaluate the basis of 
the stabilisation mechanism. Due to the choice of an initiator and a surfactant in the 
emulsion polymerization (Figure 6), different charge densities were expected to appear 
on the surface of the particles. Electrophoretic mobilities of the PVCL particles were 
measured at two temperatures, 25 and 45 °C, to determine the surface charge introduced 
by the ionic initiator, KPS, and the surfactant, SDS. 

 
Table 6. Summary of the capillary electrophoretic study 
    T = 25 °C      T = 45 °C   

sample Rh µe 
a ζ b  Rh µe ζ 

  (nm) (10-8m2V-1s-1) (mV)  (nm) (10-8m2V-1s-1) (mV) 
E1 98 -1.27 -16.1 57 -2.10 -17.4 
E2 58 -0.44 -5.6 36 -1.97 -16.3 
E3 83 -0.24 -3.0 62 -6.46 -5.4 
E4 159 - -  96 - - 

a Electrophoretic mobility 
b Zeta potential 

 
As can be seen in Table 6, the zeta potentials of the particles differed noticeably. 

When either an ionic initiator or surfactant was used in the synthesis, a particle with a 
slightly negative zeta potential at 25°C was obtained (E2, E3). A particle with the 
highest negative potential was obtained by the use of an ionic initiator together with an 
ionic surfactant (E1). As expected, the particles synthesized using a nonionic initiator 
and surfactant (E4) had zero charges. The electrophoretic mobility of the negatively 
charged particles increased with increasing temperature, both as a result of the collapse 
of the particles and of a decrease in the viscosity of the electrolyte solution. The 
increase of the electrophoretic mobility due to the collapse may be caused not only by 
the reduction of the particle size but also by an increased surface fraction of the charged 
groups, when the water content inside the particle decreases. Same phenomenon has 
been observed with other responsive particles as well.95,96 The zeta potentials of samples 
E1 and E2 differed noticeably at 25 °C but reached almost similar values at 45 °C. This 
somewhat surprising finding is probably attributable to the observed instability of the 
sample E2 at elevated temperatures. 
 

The stability of the responsive microgel particles was studied as a function of 
increasing concentration of an added electrolyte. The turbidities of the samples E2 (a 
charged microgel) and E4 (an electroneutral MAC11EO42-grafted microgel) are shown 
against barium chloride concentration in Figure 10. As can be seen in Figure 10a, at 21 
°C both polymer particles can stand high electrolyte concentrations without coagulation, 
especially the sample E4 which seems to be very effectively stabilized. Also the sample 
E2 turned out to be surprisingly stable, the critical coagulation concentration (CCC) at 
21 °C was around 0.4 mol dm-3, this obviously resulting from a certain degree of steric 
stabilization of dangling PVCL chains on the surface. 

At 45 °C the situation is different. Electrostatically stabilized particles (E2) start to 
coagulate and form large aggregates in very moderate electrolyte concentration and 



 23

during the centrifugation these aggregates finally precipitate. The first stage of 
aggregation can be seen as the very abrupt increase in the relative turbidity at low 
electrolyte concentration, in Figure 10b. The CCC for E2 at 45 °C was in the range 5 x 
10-5 – 1 x 10-3 mol dm-3. However, sterically stabilized particles (E4) do not form so 
large aggregates that might precipitate when centrifuged and the increase in turbidity in 
the early stage of aggregation is only moderate at very high electrolyte concentrations 
i.e. > 0.05 M. 

 
 
 
 
 
 
 
 
 
 
 

Figure 10. Effect of BaCl2 on the turbidity of the microgel dispersions: E2 (1) and E4 (2) 
at 21 °C (a) and at 45 °C (b) 

 
According to the DLVO theory, the repulsion of the particles due to the electric 

double layer decreases with increasing ionic strength of the medium. The effect of 
different electrolytes depends on the charge of the cation; the higher the charge, the 
higher is the reduction in the repulsive potential between the particles. On the other 
hand, added electrolytes are known to strongly affect the solubility of PEO and, thus, to 
decrease its ability for steric stabilization.97,98 The effect of electrolytes on the solubility 
of PEO is also dependent on the charge of the cation; by decreasing the valency the 
solubility of PEO decreases.97 When comparing electrostatically stabilized particles 
with those sterically stabilized with PEO derivatives, one should take into account these 
two contradictory effects. In the present case, barium chloride was chosen as the 
electrolyte which clearly affects the electric double layer but has only a minor effect on 
the solubility of PEO at low temperatures and concentrations.99,97 A concentrated 
electrolyte solution may, however, be a poor solvent for PEO. In such a solution the 
thickness of the stabilising PEO shell decreases, and even bridging flocculation is 
possible.54 For example, an aqueous 0.39 M MgSO4 solution has been observed to turn 
into a theta solvent for PEO when temperature is increased above 40 °C.97,98 This 
phenomenon might be the reason for a slight instability of the MAC11EO42 grafted 
microgels at very high electrolyte concentrations. 

PEO-grafted latex particles synthesized using the macromonomer technique have 
been shown to be stable even in highly concentrated electrolyte solutions.100 However, 
the stability of thermally responsive PEO-grafted microgels has not been studied in 
detail before. The critical coagulation concentrations of PNIPAM and poly(N-
isopropymethacrylamide) microgels stabilized by carboxylic or sulphate groups, have 
been measured in the presence of sodium chloride.95,96 Usually the values of CCC are 
very high at low temperatures where the particles are fully swollen. This has been 
suggested to arise from the partial steric stabilization of the particles. Owing to the 
different reactivity ratios of the monomer and the crosslinker, the network structure is 
heterogeneous and the particles carry dangling chains on their surfaces.101 However, 
upon the thermal collapse of the particles, the dangling chains compress parallel to the 
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particle surface and thus, steric stabilization is no more effective. Indeed, it has been 
shown that loose, porous PNIPAAM particles turn into hard spheres upon heating above 
the LCST.102 The findings in the present study, especially for the electrosterically 
stabilized particle, are in accordance with the observed decrease of the CCC of 
PNIPAM microgels at T > LCST.95 

 
Grafting the responsive PVCL particles with PEO derivatives increased their 

stability towards added electrolytes considerably, the effect being especially pronounced 
at high temperatures where the PVCL particles were shrunken. Without the stabilizing 
grafts, the repulsive forces between the negatively charged PVCL particles decreased 
sharply with the addition of an electrolyte, as was expected according to the DLVO 
theory. It may be concluded that the macromonomer technique is a method of choice for 
the synthesis of thermally responsive PVCL microgels which do not coagulate or 
precipitate in solutions of high ionic strength. 
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3.3 Amphiphilic graft copolymers   (Papers III, IV & V) 
 
Amphiphilic macromonomers are commonly used as reactive surfactants in 
heterogeneous polymerizations whereas copolymerizations with other monomers by 
conventional solution polymerization are rarely reported. It has been noticed that PEO-
methacrylate macromonomers may lead to branching and crosslinking during the 
polymerization reaction.103,104 That finding may have reduced the interest for such a 
direct method to produce graft copolymers. Direct solution copolymerization of 
macromonomers provides, however, an easy and straightforward method to produce 
well-defined graft copolymers, assuming that the chain transfer reactions can be 
controlled. For the graft copolymers, a wide range of interesting solution properties can 
be expected, especially when an amphiphilic macromonomer such as MAC11EO42, is 
used. 
 

In this study, various copolymers of N-vinylcaprolactam and the amphiphilic 
macromonomer were synthesized by solution polymerization in benzene.IV The 
macromonomer content varied from 0 to 34 wt% while the molecular weights were 
approximately 300 000 g/mol. Detailed molecular characteristics are reported in Table 
4. The size distributions were monomodal and no evidence of crosslinking by chain 
transfer reactions was found. The long alkyl chain between the reactive methacrylate 
group and the PEO segment may be the reason for better copolymerization behavior 
compared to ordinary PEO-methacrylates. The reactivity of VCL is known to be quite 
low compared to other monomers, for example to methacrylates,105 and this may result 
in non-random distribution of grafts in the chain. However, the distribution along the 
polymer backbone is expected to be still random because the larger size of the 
macromonomer balances out the difference in the reactivity between the 
macromonomer and VCL.106 The properties of the graft copolymer PVCL-graft-µ 
obtained from microemulsion polymerization resemble those of PVCL-g-14 and 
therefore, for the sake of clarity, PVCL-graft-µ is not described in detail in the 
following sections. 

PVCL samples of varying molecular weights were also synthesized in order to 
have a better knowledge of the temperature dependent solution properties of the 
homopolymer itself.III The samples were obtained by polymerizing N-vinylcaprolactam 
in solvents of different chain transfer capacity with different initial molar ratios of the 
monomer and the initiator. As a result, five different PVCLs were obtained, Mw varying 
from 21 000 to 1 500 000 g/mol. The molecular weights and the summary of reaction 
conditions can be seen in Table 3. 

Fluorescently labeled PVCL and the corresponding graft-copolymers were also 
synthesized in order to have molecular level information of the properties of the 
thermally responsive polymers.V The pyrene or naphthalene functionalized monomer 
was copolymerized with VCL to obtain the labeled PVCL or together with VCL and 
MAC11EO42 in order to have labeled graft-copolymers. The molecular characteristics of 
the labeled polymers are given in Table 5. It should be noted, however, that the 
hydrophobic label itself affects the solution properties of the polymers and thus, one 
should be careful when comparing the data obtained from the labeled polymers.  
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In the following chapters, the solution properties of the graft copolymers of VCL 
and the amphiphilic macromonomer are described. The properties are presented in the 
following order. First, the solution properties of the polymers are studied at room 
temperature, below the LCST, when the PVCL backbone is well soluble in water. In the 
second part, the thermodynamics of the heat induced phase transition is studied by 
microcalorimetry. Finally, the formation and the structure of heat induced particles are 
scrutinized with static and dynamic light scattering together with fluorescence 
spectroscopy. The phase behavior of the PVCL homopolymers is discussed as a 
reference in each section, as well as the information obtained from fluorescently labeled 
polymers. 
 
 
3.3.1  Self-association below the LCST 
 
The association of the graft copolymers in water at room temperature was studied with 
dynamic light scattering. The hydrodynamic radius of the various copolymers in dilute 
aqueous solutions at 20 °C, well below the cloud point, was determined for solutions 
ranging in concentration from 1 to 10 g/L. Similar measurements were conducted also 
for solutions of a non-modified PVCL of similar molecular weight (Figure 11a). The 
homopolymer has a hydrodynamic radius of the same order of magnitude (5 to 30 nm), 
whether it is dissolved in water or in THF, a good solvent of PVCL (data not shown). 
Thus, the polymer is dissolved as single chains in water at 20 °C, and this is the 
situation over the entire concentration range covered. 
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Figure 11. Size distributions of PVCL and the graft copolymers in water at 20 °C. Homopolymer PVCL 
(a), grafted copolymers PVCL-g-13 (b), PVCL-g-18 (c), and PVCL-g-34 (d). Polymer concentration 10 
g/L. 

 
Two different patterns emerged from the DLS studies of the copolymers, 

depending on their grafting density. The hydrodynamic radius distribution recorded 
with solutions of the copolymers of high-grafting density, such as PVCL-g-34, is 
monomodal (c = 1-10 g/L), with no indication of the presence of larger objects (Figure 
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11d). Thus, in aqueous solutions, PVCL-g-34 does not form interpolymeric associates: 
the amount of amphiphilic grafts is high enough to force the polymer chain to adopt a 
stable intrapolymeric structure. A similar observation has been previously reported in a 
study of PNIPAM grafted with amphiphilic perfluorooctyl groups,82 another type of 
amphiphilically-modified polymers which tend to form unimers rather than 
interpolymeric associates. 

In contrast, the hydrodynamic radius distribution recorded for aqueous solutions 
of copolymers with a low grafting density, such as PVCL-g-13 and PVCL-g-18, is 
bimodal, with a contribution of small size entities of Rh 5 to 30 nm, assigned to single 
polymer chains, and a contribution of larger particles of Rh 80 – 150 nm (Figure 11b-c). 
The relative importance of the two size populations depends on the copolymer 
concentration: the relative amount of the larger particles increases with increasing 
copolymer concentration.  

 
The self-association at 20 °C was studied also with fluorescence probe 

measurements. The measurements were conducted using solutions with increasing 
copolymer concentration, under experimental conditions identical to those used to 
monitor the macromonomer micellisation and described in the preceding section. The 
variations of the ratio I1/I3 with increasing polymer concentration are represented in 
Figure 12. For all copolymer solutions the ratio I1/I3 decreases with increasing polymer 
concentration from its value in water (~ 1.65) and eventually levels off for solutions of 
copolymer concentration in excess of 0.3 to 1.0 g/L, depending on the grafting level. 
The onset of the decrease in I1/I3, which is often taken as an indication of the onset of 
micellization, depends on the grafting level of the copolymer: the higher the grafting 
level, the lower the onset of micellization (Figure 12). However, when the data are 
plotted against the macromonomer concentration it appears that micellization begins 
when [C11EO42] > 4 x 10-3 mmol/L, for all copolymers. Thus, micellization of the 
copolymers is controlled to a large extent by the hydrophobic assembly of the 
substituents, as noted earlier in the case of various hydrophobically-modified 
polymers107,108 The fact that the minimum C11EO42 concentration required for 
copolymer micellization is lower by more than 2 orders of magnitude than the cmc of 
the macromonomer is also in agreement with previous observations. 
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Figure 12. Semilogarithmic plots of the changes of ratio I1/I3 for pyrene in aqueous solutions of 
homopolymer PVCL and grafted copolymers at 20 °C as a function of polymer concentration.. 
Homopolymer PVCL (a), PVCL-g-6 (b), PVCL-g-13 (c), PVCL-g-16 (d), PVCL-g-18 (e), PVCL-g-34 (f). 

 
The plots of I1/I3 vs. copolymer concentration reveal yet another characteristic of 

the copolymer solutions, namely the micropolarity of the hydrophobic domains created 
upon association of the copolymers in water. A qualitative assessment of this property is 
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given by the I1/I3 value determined in the copolymer solutions of highest concentration 
when the plateau value is attained (Figure 12). This value depends significantly on the 
grafting level: the solution of the most densely grafted copolymer yielding the lowest 
I1/I3 value (1.40) and the pure homopolymer the highest. In all cases, this value is higher 
than the value (1.20) recorded for micellar solutions of the macromonomer (Figure 3). It 
can be concluded that the assemblies formed with lightly modified PVCL are more 
polar than the more heavily grafted samples, a possible indication of differences in the 
hydration of the micellar assemblies. 

The fluorescence probe experiments yield information on the minimum 
copolymer concentration needed for association and on the micropolarity of the 
assemblies, but they do not allow one to assess whether the hydrophobic assemblies are 
formed intra- or intermolecularly. Dynamic light scattering measurements performed on 
copolymer solutions in the same concentration region indicate that either intra- or inter-
molecular association can take place, or in some cases even both. Thus, in the studied 
polymer concentration range, the pyrene molecules are solubilised either by 
hydrophobic domains formed by single polymer chains or by the interpolymeric 
associates or by both of these. If the concentration is increased well above the overlap 
concentration, very strong interpolymeric association is likely to take place. Association 
behavior and rheological properties of a more concentrated aqueous solution of PVCL-
co18 have been studied in detail in a separate paper.109 

 
 

Fluorescently labeled polymers have distinct solution properties below the LCST due to 
the increased hydrophobicity caused by the hydrophobic labels. The labeled PVCL is 
prone to form inter- and intramolecular associates even at a very low concentration 
regime, i.e. the labeled homopolymers associate via hydrophobic interactions between 
the labels of different chains. The labeled graft copolymers, however, form mostly 
intrapolymeric micelles over a broad concentration range and the structure of the 
polymeric micelles is stabilized by the amphiphilic grafts. 

This interpretation is supported by various fluorescent experiments. Most 
noticeably, the relative magnitude of the excimer emission intensity of pyrene is 
significantly higher in the case of aqueous solutions, as revealed by a comparison of the 
IE/IM values recorded for the same polymers in different solvents. The enhancement of 
the excimer emission, compared to the monomer emission, indicates that water induces 
association of the hydrophobic pyrene groups, consistent with the detection of 
polymeric micelles via dynamic light scattering. It was observed that the Py excimer 
contribution to the total emission remained constant for a broad concentrations range in 
the case of grafted copolymers, but that it showed a mild concentration dependence in 
the case of the labeled homopolymers, increasing with increasing concentrations. These 
trends are apparent in the plots of the concentration dependence of the ratio IE/IM 
(Figure 13). Thus, the grafted copolymers seem to form mainly intra-polymeric 
associations and the increase in concentration does not trigger interpolymeric 
aggregation, at least within the concentration range scanned here. In the case of labeled 
homopolymers inter-polymeric Py/Py associations take place to some extent. Similar 
observations have been reported for pyrene labeled PNIPAM.110 
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Figure 13. Concentration dependence of the changes of the ratio of the 
pyrene excimer emission intensity (IE) to the pyrene monomer emission 
intensity (IM) in aqueous solutions of different labeled-polymers at 20 
ºC. PVCL-Py1 (a), PVCL-Py2 (b), PVCL-C11EO42-Py1 (c), PVCL-
C11EO42-Py2 (d). λ exc = 345 nm. 

 
Fluorescence quenching measurements also reveal that the associates formed by 

the labeled PVCL and the labeled graft-copolymer are dissimilar. The quenching of 
pyrene fluorescence was accomplished by using nitromethane as a quencher. 
Nitromethane is a neutral water soluble molecule that quenches pyrene emission with a 
diffusion-controlled rate by an electron transfer mechanism.111 In polymer solutions 
kept below the cloud point, Py quenching by nitromethane is more effective in the case 
of the grafted PVCL sample, compared to the homopolymer. This indicates that the 
diffusion rate of nitromethane into the homopolymer micelles is somewhat slower than 
into the micelles of PEO grafted copolymers, which are most likely less dense and 
contain more water. The finding is reasonable, taking into account the hydrophilic 
nature of the quencher. 

 
Non-radiative energy transfer, NRET, measurements strengthen the overall picture 

of the structure of the associates formed by the labeled PVCL below the LCST. The 
probability of energy transfer between the two chromophores depends strongly on their 
separation distance.112 For the Np/Py pair the characteristic distance of the process is 
28.9 Å. Thus, the occurrence of NRET between Np and Py in dilute mixed solutions of 
polymers carrying either Np or Py, signals the existence of interpolymeric association. 
By assessing the extent of energy transfer under various circumstances it becomes 
possible to monitor closely the interactions between polymer chains. 

The NRET experiments were carried out first with solutions of the labeled 
homopolymers, PVCL-Np and PVCL-Py1. Solutions for the NRET experiments were 
prepared by mixing aqueous solutions of the singly labeled polymers at room 
temperature. Their emission upon excitation at 290 nm was recorded at 20 °C 
immediately after mixing. The spectrum presents a strong contribution from pyrene 
emission in addition to the Np emission. By comparing this emission to the spectra of 
the solutions of each polymer of same concentration, one observes a significant decrease 
of the naphthalene emission together with an increase of the pyrene emission. The two 
concurrent effects signal the occurrence of NRET between the two chromophores, and 
hence indicate the existence of interpolymeric associations in the solutions of labeled 
PVCL kept at room temperature. 

Mixed solutions were prepared also from preformed solutions of the grafted 
copolymers PVCL-C11EO42-Py1 and PVCL-C11EO42-Np. No energy transfer took place 
between Np and Py, indicating that the polymers do not form interpolymeric 
associations below the LCST. 
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3.3.2  Heat induced phase transition  
 
3.3.2.1. Thermodynamics of the phase transition 
 
When an aqueous solution of PVCL is heated above its LCST, phase separation takes 
place – a phenomenon accompanied by the loss of the hydration layer surrounding the 
polymer chains in a cold solution. The dehydration is an endothermic process and 
therefore it is easily followed by microcalorimetry. The endotherms recorded for the 
solutions of PVCL-330 and the grafted copolymers are broad, and markedly 
asymmetric, with a sharp increase in heat capacity on the low temperature side (onset of 
the transition, Tonset) and a gradual decrease at the heat capacity at temperatures higher 
than the maximum temperature Tmax (Figure 14). Tonset is closely related to the onset of 
aggregation and thus the measured cloud point temperatures were nearly identical to the 
Tonset values. Similar endotherms can be measured also for PVCL homopolymers with 
varying molecular weights (Figure 15) as well as for PVCL grafted with PEO.84 
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Figure 14. Microcalorimetric endotherms for 
an aqueous solution of PVCL homopolymer and 
corresponding graft copolymers. Polymer 
concentration 1 g L-1 and heating rate 60 °C h-1 
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Figure 15. Microcalorimetric endotherms for 
aqueous solutions of PVCL samples. PVCL-1500 
(a), PVCL-1300 (b), PVCL-330 (c), PVCL-30 (d), 
PVCL-21 (e). The endotherm without baseline 
subtraction is shown for PVCL-330 in the inset.  

 
Introduction of amphiphilic grafts onto PVCL increases the onset temperature of 

the endothermic transition compared to the non-modified PVCL. Surprisingly, the 
degree of grafting does not affect very much the Tonset, which is the same for all 
copolymers. The heat of the transition, ∆H, in contrast, depends on the grafts content of 
the copolymers, corresponding closely to the concentration of VCL units. The heat of 
transition is not dependent on the molecular weight of PVCL chain, either: ∆H = 4.4 ± 
0.4 kJ mol-1 in each case (Figure 15). The onset temperature of aggregation has, 
however, a molecular weight dependence: Tonset decreases with increasing molecular 
weight of the homopolymer. 

In the inset of Figure 15, a calorimetric trace is presented for PVCL-330. In this 
trace, the baseline was not subtracted. A negative change in heat capacity due to the 
transition can be detected. For all polymers the  ∆Cp was - 70 +/- 20 J mol-1 °C-1. 
Similar observation was also made from the cooling scans from 100 °C to 10 °C, though 
the sign of   ∆Cp was opposite. A similar negative change in Cp upon heating has been 
observed also for PNIPAM (∆Cp -63 J mol-1 K-1)113 as well as for the phase transitions 
of various pluronic-type block copolymers.114 A negative heat capacity change during 
the phase transition may be taken as an indication of diminished interaction between 
water molecules and polymer chains. 
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3.3.2.2. Changes in the hydration layer – a study by pressure perturbation calorimetry 
 
Additional information on the solvation layer around the polymers was obtained by 
pressure perturbation calorimetry (PPC), a technique that allows one to evaluate the 
changes in the partial volume of the polymer throughout the phase transition, and to 
obtain information on the temperature dependant relative hydrophilicity/hydrophobicity 
of a polymer in solution.115 Particular interest in the PPC-studies was focused on the 
effect of the amphiphilic grafts on the volumetric properties of the polymers. 

PPC scans recorded for solutions of PVCL and PVCL-g-34 in water (Figure 16) 
shows the thermal expansion coefficients of the polymers (αpol) as a function of 
temperature. The plots can be divided into four temperature ranges. Below the transition 
temperature, 10 < T < 30 °C, αpol for PVCL remains constant, while in the case of 
PVCL-g-34, αpol has a negative slope. In both cases, αpol undergoes a sharp decrease, 
reaches a minimum for Tpeak ~ 33-34 °C, then increases abruptly with increasing 
temperature to reach a maximum value at T ~ 45 °C, and it gradually decreases as the 
temperature further increases. The plots recorded for the other C11EO42-grafted PVCL 
samples present features similar to those of the copolymer with highest graft density. 
Integration of αpol(T) yields ∆V/ V , the change in the hydration volume in percent of 
the partial volume of the polymer, corresponding to the collapse of the polymer chain. 
The volume change is usually taken as the area defined by the peak of the PPC scan and 
a progress baseline drawn from projections of the baselines in the pre-transition and 
post-transition regions.115 Applying this method to the PPC scan of PVCL in water 
(Figure 16) yields a value of ∆V/ V  = – 0.10 % for the sharp negative transition at 32.9 
°C. However, the PPC trace recorded for PVCL solutions may also be seen as 
consisting of two parts, the sharp signal (∆V/ V  = - 0.10 %) and a broader signal 
(∆V/ V  = + 0.50 %) in the low and high temperature ranges of the transition, 
respectively. Correspondingly, similar values, although smaller in magnitude, are 
obtained for the graft copolymers. This data analysis is supported by the asymmetry of 
the DSC trace (Figures 14 and 15), which may be interpreted as the overlap of two 
phenomena, first the collapse of the chains, then the aggregation of the collapsed chains, 
both phenomena characterized by a change in the polymer hydration volume.  
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Figure 16. Temperature dependence of the coefficient of thermal expansion 
(αpol) of PVCL in H2O (full circle) and in PVCL-g-34 (open circle).. 

 
The αpol(T) curves for the homopolymer and the graft copolymer differ in one 

aspect, the slope in the pre-transition region (10 < T < 30 °C). The αpol value is nearly 
constant in this temperature domain for PVCL, whereas in the case of the graft 
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copolymer it significantly decreases with increasing temperature. High positive values 
of the thermal expansion coefficient and strong temperature dependence of α are typical 
characteristics of molecules that act as structure breakers in water, such as the polar 
hydrophilic amino acids asparagine or glutamine.115 In the case of C11EO42 grafted 
PVCL, the high PEO content seems to cause a similar effect: PEO acts as a structure 
breaker at temperatures between 10 and 30 °C. At elevated temperatures (45 < T < 80 
°C) the slope of αpol(T) remains negative, indicating that surfaces of the structures 
generated by the collapsed polymers may still be partially hydrophilic even though the 
polymer has expulsed the majority of the water molecules. 

The magnitude of the volume change for both transitions is largest for the 
homopolymer PVCL. The reduced changes in the hydration volume in the cases of graft 
copolymers may indicate that there is less “ordered water” bound to the polymer chains 
possibly due to the structure breaking properties of the hydrophilic PEO chains and, 
hence, a smaller volume of directly interacting water. This trend is opposite to that 
exhibited by hydrophobically modified poly(N-isopropylacrylamides), wich undergo 
larger volume changes as a result of the introduction of structure making groups.116  

The main features of the PPC curves can be rationalized by the phase separation 
phenomenon of the PVCL chain, and the following interpretation that was proposed 
first for PVCL homopolymersIII is valid also for the grafted copolymers. Below the 
phase transition temperature, the PVCL chains are solvated to the greatest extent, 
implying a large number of contacts between the repeating units and water molecules, a 
fact confirmed by IR spectroscopy studies of cold (5 °C) PVCL solutions.117 Other 
weak forces also occur in the water/PVCL system, namely dipole/dipole interactions 
between the polar amide groups and dispersion forces between the methylene groups of 
the caprolactam rings in the chair conformation. The hydration of the hydrophobic 
methylene groups is expected to weaken mildly, as the temperature increases.118,3 
Several events take place at the phase transition. Contacts between water molecules and 
the hydrophobic groups of the polymer become thermodynamically less favorable than 
contacts between the hydrophobic groups themselves. As a result, the polymer chains 
tend to collapse into a conformation in which the methylene groups are mostly shielded 
by hydrophilic polar groups of the polymer, resulting in a decrease of the solvent 
accessible surface area (ASA) and, consequently, of the hydration volume, detected in 
the PPC experiment as a small negative signal. Due to topological constraints, all the 
hydrophobic groups cannot be shielded from surrounding water molecules, and 
eventually, with further increase of the temperature, collapsed chains tend to aggregate, 
releasing bound water molecules, a mechanism responsible for the positive volume 
change detected by PPC. 

 



 33

3.3.3  Formation of stable mesoglobules   (Papers III, IV & V) 
 
3.3.3.1 Heat induced aggregation of the polymers 
 
Heating of an aqueous solution of a thermally responsive polymer above the LCST 
causes an increased attraction between the hydrophobic parts of the polymer. As a 
result, a conformational change of the polymer  takes place: the swollen polymer chain 
starts to contract. If the concentration is very low, a transition from a coil to a globule 
may take place, as was demonstrated by Wu et al. with PNIPAM.11,12,13 Most often, 
however, the contraction of the polymer chains do not lead to the formation of a single 
chain globule, but to interpolymeric aggregation followed by precipitation.  

Recently, it has been observed that heating of aqueous PNIPAM solution does not 
necessarily lead to the formation of single chain globules nor to macroscopic phase 
separation. If the polymer concentration is 0.1-1.0 g/L the polymer chains tend to form 
stable aggregates upon heating.119,120 These aggregates are called mesoglobules, to 
separate the concept of collapsed aggregate particles from a single chain globules. The 
recent observation of colloidally stable mesoglobules are based on PNIPAM samples 
which are prepared using ionic radical initiators, and therefore the observed, somewhat 
surprising, stability of the particles may have an electrostatic origin.119  

Formation of colloidally stable mesoglobules seems to be a more general 
phenomenon for thermally responsive polymers and not a specific feature of PNIPAM. 
Recently, it has been observed that PVCL,III,121 as well as poly(vinyl methyl ether)121 
form stable mesoglobules in dilute solutions at elevated temperatures. The 
mesoglobules are also very stable against further coagulation, although the particles are 
entirely non-ionic.III,121 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17. Radius of the graft-copolymer PVCL-graft-µ single chain at low 
temperatures and the heat induced particle formation above the LCST (a). 
Temperature dependence of the hydrodynamic radius of grafted PVCL 
microgel E4 (b). 

 
The formation of stable particles of PNIPAM83 or PVCL84 grafted with PEO has 

been detected earlier and it is expected that the introduction of the amphiphilic PEO-
alkyl chains on PVCL will stabilize the PVCL aggregates upon heating.  

The effect of heat on the size of PVCL grafted with MAC11EO42 is presented in 
Figure 17 (a). The grafted PVCL is, at T < LCST, fully hydrated and dissolved as single 
chains. Upon heating, the hydrodynamic size of the polymer slightly decreases, and at 
the cloud point the polymer it starts to aggregate, this causing an increase in the 
observed size. At T > LCST the size of the formed particle slightly decreases upon 
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further heating. For comparison, the temperature dependent shrinking of a grafted 
PVCL microgel particle is presented in the same figure. The grafted microgel 
experiences a continuous volume decrease upon heating and finally forms a collapsed 
particle at temperatures above 45 °C. At temperatures well above the LCST the sizes of 
these two particles are actually very close to each other.  

The same phenomenon, i.e. the transition from coil (to globule) to aggragate, was 
observed for the other amphiphilically grafted PVCLs: stable nanoparticles are formed, 
ranging in size from ~ 50 to 120 nm, depending on the concentration of the solution 
(Figure 18). The size of the particles is only slightly dependent on the grafting density 
of the polymer and the size distributions of the particles are rather narrow and 
monomodal. The particles, both homopolymer and graft copolymer mesoglobules, 
remained colloidally stable, with no interparticle flocculation over periods of several 
days, as judged by DLS monitoring of aqueous polymer samples kept at 50 °C. 
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Figure 18. Apparent hydrodynamic radius, Rh, of the mesoglobules 
formed by quickly heated aqueous solutions of the homopolymer 
PVCL or the graft copolymers with varying concentrations. 

 
The high colloidal stability may be due to the steric stabilisation by the PEO chains 

grafted on the polymer, but since PVCL itself forms colloidally stable particles in hot 
water, intrinsic properties of the PVCL chains may be the main driving force for the 
formation of stable particles. The stability of the homopolymer mesoglobules is 
somewhat difficult to explain. The surfaces of the homopolymer mesoglobules are 
evidently hydrophilic because otherwise the hydrophobic forces would lead to the 
coagulation of the particles. Tightly bound hydration layer is said to be responsible to 
short range repulsion between two hydrophilic layers due to the specific order of water 
molecules near the surface, i.e. the repulsive hydration force is suggested to arise from 
the structured water molecules.61 Other explanation might be related to the roughness of 
the mesoglobule surface: thermal motion may induce protruding groups on the surface, 
for example hydrated chain segments that may create steric repulsion between the 
particles. Israelechvili et al.63,64 have proposed that, in many cases, the observed 
“hydration force” could be explained by such a protruding forces in molecular level or 
by undulation forces where the whole surface is in thermal undulating motion, which 
may also create steric repulsion. 

 
The stability of the particles was assessed also by a dilution experiment. First, particles 
of PVCL-g-18 were prepared by heating a dilute solution in the light scattering sample 
holder to 50 °C. After keeping the samples at 50 °C for one hour, the first dilution step 
was conducted by injecting hot water into the solution. The dilution was repeated, once 
the intensity of the scattered light was stable. The hydrodynamic radius of the PVCL-g-
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18 particles at 50 °C remained constant, with no sign of the particle disintegration upon 
dilution (Figure 19, top). Moreover, the intensity of the scattered light from the colloidal 
sample was directly proportional to the concentration upon dilution (Figure 19, bottom), 
providing yet another indication of the stability of the particles.  

The apparent molecular weight Mw
agg and the radius of gyration Rg of the 

aggregates were determined by static light scattering measurements conducted for 
PVCL-g-18 particles of three different concentrations at 50 °C, obtained upon the 
dilution with hot water of the most concentrated solution. The Guinier method was 
applied, assuming that the second virial coefficient A2 of the mesoglobules is zero in the 
concentration range studied (Figure 19, inset). Accurate estimates of Mw

agg are 
somewhat difficult to obtain because of the uncertainty of the increment of refractive 
index, dn/dc. The density of particles (ρ=Mw

agg/(NA(4/3)πRh
3) indicates that particles are 

partially hydrated, as in the case of collapsed poly(N-isopropylacrylamide) (ρ=0.34 
g/cm3).13 In the case of PVCL-g-18, the aggregation number is estimated to be 
approximately 1600 (Mw

agg = 4.8 × 108 g/mol) and the density ρ = 0.40 g/cm3, using a 
dn/dc value of a collapsed PVCL microgel.122  
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Figure 19. (top) The effect of dilution on Rh and Kc/Iθ=90° of the 
mesoglobules (solid squares) formed upon heating of 0.2 g/L 
aqueous solution of PVCL-g-18. (Bottom) Scattering intensity at 
90 ° angle from polymer solution of different concentration. 

 
The shape of the particles was estimated from the ratio of the radius of gyration to 

the hydrodynamic radius, Rg/Rh which varies from 0.77 for hard spheres to 1.5 for 
random coils. In the present experiments the ratio ranges from 0.72 to 0.75, indicating 
that the particles have a homogenous spherical geometry even after being subjected to 
dilution. Qualitatively similar observations were made also for the mesoglobules formed 
by the homopolymer PVCL.121 

In the mesoglobular phase, at temperatures above the LCST, the polymers are 
entangled with each other and stuck together via hydrophobic forces. Consequently, the 
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particles disintegrate upon cooling. The physical network that is present at elevated 
temperatures can be, however, strengthened by adding phenols into the particles. 
Phenols are known to complex with PVCL via hydrogen bond formation between the 
carbonyl groups of the lactam ring and the hydroxyl units of the phenol, Scheme 4. 
These specific interactions have been used to prepare hydrogels via physical cross-
linking with polyphenols, such as pyrocatechol and phloroglucinol, of linear PVCL in 
concentrated aqueous solutions below and above the LCST.8,123,124 The same cross-
linking mechanism was tested with the colloidal PVCL particles in an attempt to fix 
permanently the mesoglobule structure, so that the particles preserve their integrity 
upon cooling. 
 

 
Scheme 4. Formation of physical PVCL network via hydrogen bonding. 

 
The effect of added phenols on the size of heat-induced particles was studied via 

DLS in the case of PVCL and PVCL-g-18 particles. Cross-linking was performed by 
injecting a hot aqueous 1,2-benzenediol solution into a colloidal polymer dispersion  
placed in the light scattering cell holder at 50 °C. Addition of the phenol at 50 °C did 
not affect the size of the PVCL particles, but it triggered a slight decrease of the size of 
the PVCL-g-18 particles, from Rh = 77 nm to 64 nm. The decrease in the size of the 
graft copolymer particles may be a result of the cross-linking of a less dense structure of 
the PEO-containing particle compared to that of a PVCL mesoglobule. The treated 
solutions were allowed to cool down to 20 °C. Their hydrodynamic radii did not 
change, which indicates that physical cross-linking occurred within the particles. In the 
absence of the cross-linker, the particles disintegrated immediately as the temperature 
was lowered below 32 °C. Cross-linked particles were monitored at 20 °C for several 
weeks by DLS and no flocculation was detected.  
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3.3.3.2 Phase transition of the labeled polymers 
 
Upon heating, the labeled polymers aggregate and build up stable particles in a similar 
manner as the non-labeled PVCLs. During the phase transition, the covalently attached 
pyrene labels experience an abrupt change from a loose inter/intrapolymeric association 
to a highly viscous collapsed polymer phase. This transition can be seen by monitoring 
the ratio IE/IM against temperature (Figure 20). For the labeled homopolymers, the ratio 
IE/IM remained constant until the phase transition temperature was reached, then it 
decreased sharply, reaching a low value for solutions at 60 °C. The temperature range 
over which the changes in IE/IM occur is wide, nearly 30 °C. It is nearly the same as the 
temperature over which the endothermic transition was recorded by HS-DSC 
measurements, and the onset of the decrease in IE/IM corresponds to the onset of the 
endotherms for the two homopolymers of different Mw.  

It can be concluded that as the solutions reach their phase transition temperature, 
the assembly of the labeled polymers is affected: the pyrene ground-state dimers or 
higher aggregates that exist in cold solutions are disrupted and pyrene groups are 
accommodated as isolated entities within the hydrophobic environment of the colloidal 
PVCL particles. The phase separated PVCL is increasingly hydrophobic and thus, the 
pyrene dimers are solubilised. Interestingly, the ratio IE/IM for labeled homopolymer 
solutions at 60 °C in water reaches a value lower than the value recorded for solutions 
of the same polymers in methanol. This observation may be taken as an indication of 
the higher local viscosity experienced by the pyrene groups in the collapsed polymer 
phase, compared to the viscosity of methanol, since in both cases the excimer is formed 
by a dynamic process. The increase in viscosity of the phase separated PVCL has been 
previously observed for a spin-labeled PVCL: the segmental mobility of the spin label is 
strongly decreased in the phase separated polymer.125 
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Figure 20. Plots of the changes of the ratio IE/IM as a function of 
temperature in aqueous solutions of different labeled-polymers (0.05 
g/L). PVCL-Py1 (a), PVCL-Py2 (b), PVCL-C11EO42-Py1 (c), PVCL-
C11EO42-Py2 (d). λ exc = 345 nm. 

 
Aqueous solutions of the pyrene labeled graft copolymers were subjected to the 

same heat treatment as the labeled homopolymers (Figure 20). The ratio IE/IM remained 
nearly unchanged over the entire temperature range. This observation implies that the 
microenvironment of the Py groups is hardly affected during the phase transition in 
spite of changes in the hydration state of the polymer. This probably indicates that the 
hydrophilic poly(ethylene oxide) chains of the copolymer remain hydrated even in 
solutions above the cloud point of PVCL. 
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Differences between homopolymer and graft copolymer particles are seen also in 
their response to a fluorescence quencher. First, in the case of PVCL-Py1 solutions, the 
quenching effect of nitromethane is reduced significantly at 50 °C, compared to 20 °C. 
At 50 °C, the pyrene groups are buried within the polymer-rich phase formed via 
aggregation of collapsed polymer chains. It is expected that under these circumstances 
the chromophores are less accessible to the quencher than in the fully hydrated micelles 
formed at 20 °C and that, consequently, their emission is quenched to a lesser extent. A 
similar effect has been reported earlier for quenching of Py-labelled PNIPAM aqueous 
solutions.126.  

In contrast, in the case of PVCL-C11EO42-Py1 aqueous solutions, the quenching 
efficiency of nitromethane is not affected by an increase of temperature. The fact that 
the diffusion of nitromethane is not hindered within aggregated PVCL-C11EO42-Py1 
micelles strengthen the picture of the grafted copolymers aggregates put forward on the 
basis of the changes in pyrene emission with temperature, namely that the hydrophilic 
PEO segments remain hydrated even when the polymer backbone itself has collapsed. 
As was proven by the static light scattering measurements, the colloidal particle, i.e. the 
mesoglobule consists of several thousands of collapsed polymer chains. Thus, it is 
expected that a fraction of PEO chains are buried inside the particle. The water 
molecules trapped inside the phase separated particles form a low viscosity environment 
where nitromethane is free to diffuse and can come in a close proximity to the pyrene 
groups. 
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4. CONCLUSIONS 
 
The objective of this research was to prepare novel thermally responsive polymers, a 
specific interest being in the thermally responsive nanoparticles that shows high 
colloidal stability. For that purpose, new types of polymers were designed based on N-
vinylcaprolactam and an amphiphilic macromonomer. Because of the lack of 
commercial macromonomers, an amphiphilic PEO-alkyl macromonomer was first 
synthesized and characterized. The macromonomer proved to be highly surface-active 
and prone to form micellar structures in aqueous environment. 

A conventional way to utilize the macromonomer in an emulsion polymerization 
turned out to be successful and it was possible to take advantage of the surface active 
properties of the macromonomer. Several thermally responsive PVCL microgels were 
prepared and their stabilization mechanism was examined and discussed. Microgels 
prepared by emulsion polymerization with the macromonomer proved to be colloidally 
very stable, even in concentrated electrolyte solutions, which indicates an effective 
steric stabilization generated by the amphiphilic macromonomer. The synthesized 
microgels undergo a reversible volume change from expanded to shrunken state when 
the temperature is raised, Scheme 5.  

 

 
Scheme 5. A scheme on the thermal response of different polymeric structures that are based on PVCL 
and amphiphilic macromonomer MAC11EO42. Left: Shrinking of the grafted PVCL microgel. Right: Heat 
induced aggregation of the graft-copolymer and the formation of a mesoglobule. 

 
The high surface activity of the macromonomer was also exploited in 

microemulsion polymerization. The method was especially effective to in producing 
very high molecular weight graft copolymers of VCL and MAC11EO42. Due to the 
general properties of the microemulsion polymerization, namely the environmentally 
friendly process and the high polymerization rate, it could be the method of choice to 
produce well defined graft copolymers also in industrial scale. 

Various graft copolymers of VCL and MAC11EO42 were synthesized also in 
organic solvents using conventional solution polymerization. Below the LCST, the graft 
copolymers form intra- and interpolymeric associates in water depending on the 
concentration and the grafting density. The associates solubilise hydrophobic 
substances, such as pyrene, inside their non-polar domains, which are composed of self-
assembled C11EO42 grafts. Upon heating, the PVCL backbone collapses, triggering a 
change in the hydration of the chain and the release of the polymer-bound water 
molecules. Thermally induced aggregation leads to the formation of colloidally stable 
mesoglobules, Scheme 5. The graft copolymers form less dense particles than the PVCL 
homopolymers. Each particle is composed of several thousands of collapsed polymer 
chains, although the particles still contain much water at 50 °C. The size of the 
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mesoglobules can be altered by changing the concentration or the composition of the 
graft copolymer.  

The structure of the PVCL mesoglobules at 50 °C can be frozen by physically 
cross-linking the collapsed PVCL chains with multifunctional phenols, which leads to 
the formation of nanosized hydrogel particles that are stable even at room temperature. 
Cross-linking thermally induced PVCL particles provides a method to produce well 
defined nano-sized hydrogel particles that might meet various biotechnology needs, 
such as enzyme stabilization or controlled drug release, especially in view of the 
biocompatibility of PVCL.30 Amphiphilic grafts in the structure stabilize the surface of 
the particles and may simultaneously act as solubilisation sites for a hydrophobic 
substance. 
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