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Abstract: In this thesis, the temperature-induced phase transition in liner poly-
mer solutins and hydrogels of semi-interpenetrating (SIPNs) and interpenetrat-
ing (IPNs) polymer networks was studied with respect to various composition,
network architecture and procedure. Thermoresponsive linear polymers based
on poly(vinyl methyl ether) (PVME) in water and with terc-buthyl based addi-
tives, IPNs of polyacrylamide (PAAm), poly( N—isopropylacrylamide) (PNIPAm),
poly(N—vinylcaprolactam) (PVCL) and IPNs and SIPNs of poly(N,N—diethyl-
acrylamide) (PDEAAm) were investigated by the methods of nuclear magnetic
resonance spectroscopy (NMR), differential scanning calorimetry (DSC), optical
microscopy (OM) and swelling experiments. The effect of polymer concentration
and presence of additives on the dynamics during the phase separation as well as
interactions between the water and the polymer in aqueous solutions of PVME
and PVME /additives were established. The increasing content of hydrophilic
PAAm component in SIPNs and IPNs shifts the transition toward higher tem-
peratures and fraction of polymer units with significantly reduced mobility as
well as the enthalpy change, are reduced. The macroscopic transition parameters
such as critical temperature, temperature range and transition extent and micro-
scopic behavior of individual polymer groups are influenced by the architecture
and reverse sequence in the preparation of IPNs and SIPNs. For the most of
studied hydrogels, a part of water molecules bound to collapsed structures was
detected showing restricted mobility.
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Introduction

In the last years polymer networks swollen in water, so called smart hydrogels,
have been widely studied for their attractive properties. They exhibit drastic
changes in their properties in response to the external parameters like solvent
composition, temperature, pH etc., as a consequence of the volume phase transi-
tion. Due to stimuli-responsive properties of smart hydrogels, several potential
applications in drug delivery systems, bioseparation, artifical muscles, microflu-
idics, tissue engineering and micro/nanoactuators, etc., were suggested. The phe-
nomenon of phase transition in hydrogels is on molecular level similar with phase
separation in aqueous solutions of linear polymers which exhibit lower critical
solution temperature.

This thesis deals with phase separation of linear poly(vinyl methyl ether)
(PVME) in water and of the phase transition of semi- (SIPNs) and fully in-
terpenetrating networks (IPNs) hydrogels based on poly(/N-isopropylacrylamide)
(PNIPAm), polyacrylamide (PAAm), poly(N,N-diethylacrylamide) (PDEAAm)
and poly(N—vinylcaprolactam) (PVCL) swollen in water. The aim of our work is
to characterize influence of structures and interactions in aqueous solutions and
hydrogels on the parameters of their phase transition and physical properties.
This study can improve the understanding of the phase transition on molecu-
lar level which can be useful in designing materials with specific properties for
applications.

Basic introduction of this theme is presented in the chapter [1| as well as of
the main experimental techniques used in this study. Chapter [2| summarizes the
overview of publications on studied polymer solutions and hydrogels. Main aims
are presented in chapter [3] Samples preparation and settings of experiments that
we used is noted in chapter[d Results and discussion are divided in four chapters,
depending on the studied samples - PVME solutions with or without additives are
studied in chapters [5] and [6] respectively, chapter [7] deals with IPNs of PNIPAm,
PAAm and PVCL and chapter [§] describes IPNs and SIPNs of PDEAAm. The
thesis is ended by the conclusions and the lists of cited bibliography, abbreviations
and also by the list of publications and presentations of results related to this
thesis and presented at various conferences.






1. Theory

1.1 Polymer Overview

1.1.1 Polymers

Polymeric materials are well known for a long time as the rubber was used by
Olmec civilization 1600 BC and then Mayans in nowdays Latin America. It was
even processed the sap by boiling to create the balls to play games. Then it was
taken to Europe by French explorer in 1736 and got the name by Joseph Priestly,
who tried to rubbing off pencil symbols writen on paper [1].

As rubber example shows, polymeric materials are flexible and easy moldable.
They are consisting of many monomeric units, even up to 1010 for DNA molecule
in human bodies. Their large molecular mass produces unique physical properties,
including toughness, viscoelasticity, and a tendency to form glasses and semi-
crystalline structures.

There are two terms to describe such a long molecules. Oldest term is "poly-
mer" for the first time used by Berzelius in 1833, although it was not used in
today meaning connected to the length. Second term "macro+molecules" was
introduced by Nobel laureate Hermann Staudinger in 1920. He is so-called father
of the polymer chemistry, because the era of the polymer science began by his
article "Uber Polymerization" in this year, although the first synthetic polymer
bakelite was in 1907 made by Leo Baekeland [2].

From the origin point of view we distinguish:

1. natural polymers — as rubber, silk fibers, starch, cellulose, chitin, DNA or
generally proteins, tissues, membranes

2. synthetic polymers — made artificially mostly in huge industrial amounts as
polyvinyl chloride, polystyrene, polypropylene, polyethylene, teflon, nylon,
etc.

a) b) 0)

Figure 1.1: Different types of polymers: a) linear, b) cyclic, ¢) branching, d)
polymer network, e) polymer hydrogel in water. Taken over from [3].

From the architekture point of view we can divide polymers as (see Fig. [1.1)):

1. linear polymers — only main chain presented,
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2. cyclical,

3. branching polymers — polymer chain has branch points that connect three
or more polymer segments,

4. polymer networks — branching polymers form one molecule,
5. polymer hydrogel — polymer networks with solvent.

Copolymer consists of two or more different types of monomeric units. There
are many ways to bind different types of monomers. Results can be then:

1. statistical and their special case — random, where the probability of finding
a certain monomeric unit at any given place in the chain is independent of
the origin of the neighboring units

2. n-blocked — when short blocks of each type/s are synthetized

3. grafted or comber as a special example

1.1.2 Polymer Hydrogels

Polymer hydrogels form three-dimensional structures with the ability to absorb
large amounts of water while maintaining their dimensional stability [4]. They
have a porous microstructure that holds a huge quantity of water, resulting in a
wet and soft nature resembling biological tissues.. The integrity of hydrogels in
their swollen state is maintained by either physical or chemical crosslinking [5].
Chemically crosslinked networks have permanent junctions, while physical net-
works have transient junctions that arise from either polymer chain entanglements
or physical interactions such as ionic interactions, hydrogen bonds, or hydropho-
bic interactions [6]. Polymer hydrogels could consist of networks of linear ho-
mopolymers, linear copolymers, and block or graft copolymers; polyion—polyion
or H-bonded complexes; hydrophilic networks stabilized by hydrophobic domains;
and interpenetrating polymer networks (IPNs) or physical blends. Hydrogels can
be separated into two groups on the basis of their natural or synthetic origins [7].
Hydrogel-forming natural polymers include proteins such as collagen and gelatin,
and polysaccharides such as alginate and agarose. Synthetic polymer hydrogels
are prepared using chemical polymerization methods.

Hydrogels have been of great interest to material scientists for many years
since the pioneering work of Wichterle and Lim in [§] on crosslinked 2-hydro-
xyethyl methacrylate hydrogels. Lower interfacial tension, soft and tissue like
physical properties, higher permeability to undersized molecules, and release of
entrapped molecules have made hydrogels a focus of exploration in different fields
[9], [10]. The so-called smart hydrogels are capable of responding to the changes
in temperature, pH, humidity, light, specific ions or molecules, electrical fields,
solvent and ionic strength. Smart hydrogels have been used in diverse applica-
tions, such as in making actuators [I1] and valves [12], in the immobilization of
enzymes and cells [I3], in sensors [14], and in concentrating dilute solutions in
bioseparation [15].



1.1.3 Stimuli-responsive Systems

Special type of polymeric system based on polyacrylamide (PAAm) was intro-
duced by Toyoichi Tanaka [16] in 1978. Interesting physical properties of that
so-called “smart hydrogel” began the wave of wider investigation theoretical, ex-
perimental and practical — oil spills cleaning, DNA separation, drug releasing.
Beside the fact that various smart hydrogels can be swollen in polar solutions
such as water [17]], there is also rapid and extensive volume reaction on the
small changes in external parameters such as pH, temperature or/and solvent
composition. The swelling ratio which indicates the relation between the original
volume before the transition and after it could change in several magnitudes up
to 1000. The change of swelling ratio depends on noncovalent interactions such
as hydrogen bonds, hydrophilicity and hydrophobicity of the groups in polymer
or its chemical structure, crosslinking density of the network. Volume change
is accompanied with changes of other macroscopic quantities such as complex
permittivity, mechanical modulus, conductivity or refraction changes.

Phenomenon called volume phase transition (with characteristic temperature
VPTT) or collapse could be interpreted as a first-order transition [I8], but also
second-order transition interpretation could be found in some literature [19].
Temperature-induced volume phase transition in crosslinked hydrogels is similar
phenomenon as the phase separation in polymer solutions exhibiting a lower crit-
ical solution temperature (LCST). On the molecular level, both phase separation
in solutions and volume phase transition (collapse) in crosslinked hydrogels are
assumed to be a macroscopic manifestation of a coil-globule transition (graphical
scheme see Fig. , as was shown for poly(N-isopropylacrylamide) (PNIPAm)
in water by light scattering [20] or [21].

globule

Figure 1.2: Schematic description of phase separation of polymer in aqueous
solution.

Temperature as a stimuli was found for poly(N,N-diethylacrylamid) (PDE-
AAm) [22] or poly(N-isopropylmethacrylamid) (PNIPMAm) [23], and subse-
quently also for other amphiphilic polymers like poly(vinyl methyl ether) (PVME)
[24], and poly(N—vinylcaprolactam) (PVCL) [26], [27], [28]. This transition is
followed by further aggregation and formation of so-called mesoglobules [27]. This
reversible process is probably associated with a changed balance between vari-
ous types of interactions, mainly hydrogen bonds and hydrophobic interactions,
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when above the LCST, the hydrophobic interactions prevail over polymer-water
hydrogen bonds with occurrence of the phase separation by milk-white turbidity
of solutions [21], [27], [29]. There can be upper critical solution temperature for
closer group of materials, for example nitrobenzene in hexane or aniline in wa-
ter. There are LCST and UCST schematically described as critical points on the
Fig. where system is mixable (one phase system) only for some composition
and/or certain temperatures in the middle of the picture between the two bin-
odal or coexistence curves. Inside the so-called spinodal curve, there are always
two phases and between each spinodal and binodal curve, there could one or
two phases coexist depending on set of parameters which are thermodynamically
more favourable.
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Figure 1.3: Temperature composition diagram for system manifesting both LCST
and UCST [30].

1.1.4 Phase Separation Theory

Experiments with PAAm hydrogels in binary solutions of water and acetone
done by Tanaka [3I] shows how small change in composition ratio influences
the polymer-solvent interactions. Water is good solvent for PAAm, while acetone
is a bad one. With an acetone concentration over the 42 vol.% (see Fig. |1.4))
the network collapses suddenly and volume shrinks 20 times. As later experi-
ments confirmed the charges on the chains are inevitable to implicate collapse
occurrence [32].
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Figure 1.4: Change in volume of a polyacrylamide network depended on the
volume percentage of the acetone in water. V} is the original volume during the
preparation. Taken over from [33].

These experiments confirmed the previous theoretical predictions [34] and [35]
that collapse is similar to the first-order phase transition. A small change in the
polymer-solvent interactions, which may be given by a change in the external
parameters, for example, by temperature or composition of solvent, then leads to
a pronounced change in the degree of swelling of the gel. When two phases in the
system occurs they must have different segment concentrations and conformations
of the chains. Possible coexistence of two polymeric phases under the suitable
conditions and chosen parameters is based on a Flory-Huggins equation swelling
equilibrium.

The connection between collapse in hydrogels and phase transition in polymer
solutions originates from the same phenomenon — coil-globule transition. Dur-
ing the coil-globule transition, polymer chains undergo an intramolecular phase
transition from expanded coil state to the compact globular structure and there
is a change in interactions between polymer and solvent characterized as shift
from good-solvent behavior to poor-solvent behaviour. Good-solvent behavior
occurs when polymer segment—solvent contacts are more favoured than segment—
segment contacts. If the attraction between the segments becomes sufficiently
large the polymer will separate to a globule whose density is close to that of
dry polymer [36]. For lower concentrated solutions where mean quadratic radii of
each polymer do not overlap the globules are formed intramolecularly and it is the
only mechanism which assures the phase transition. With increasing concentra-
tion the different chains are closer to each other and intermolecular condensation
is going to be competitive and more dominant to the accumulation of individual
chains globules.

In real samples both mechanisms occur and phase separation is their combined
result. The temperature at which this occurs is close to the © temperature —
the temperature at which the attractive forces just balance the excluded volume
forces. A more precise definition of the © temperature is the temperature at which
the second virial coefficient of the osmotic pressure vanishes [37]. Another Flory—
type approach is described in [38]. Both approaches are based on minimalization
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of total Gibbs free energy between polymer stretching contribution derived from
Gaussian statistics assumption and the van der Waals real gases assumption for
monomer—solvent and monomer—-monomer interactions.

Second fundamentally different model was 10 years later introduced by Lif-
shitz [39]. Using the model of spherically symmetric globule they we able to solve
nonlinear Schrodinger—type equation and determine the inside density distribu-
tion of monomers. Equilibrium value of the transition point could be derived
from both approaches. Equilibrium is defined by length and rigidity or flexibility
of the molecular segments of the taught polymer, solvent affability in relation to
the polymer and temperature. Type of the transition depends only on rigidity
of the polymer. For rigidity below certain value we observe smoother second
order transition, for more rigid chains the first order transition occurs with two
minimums near the transition point.

1.2 Experimental Methods

A variety of techniques for characterizing temperature sensitive polymer solutions
and hydrogels have been reported in the literature [4, 2I]. The rather simple
method of determining the LCST is the cloud point method determination using
UV-VIS spectrophotometer. Thermodynamic parameters of the transition could
be obtained from differential scanning calorimetry (DSC). Light scattering exper-
iments using light as a probe offer information on the size, shape, and interactions
of macromolecules. Change of viscosity could be also followed during the phase
separation in polymer solutions.

The physical behavior of hydrogels is dependent on their equilibrium and dy-
namic swelling behavior in water and from this point of view the most important
parameters that define the structure and properties of swollen hydrogels is the
polymer volume fraction in the swollen state which could be determined from
swelling experiments. Change of mechanical properties, mainly Young’s modulus
of hydrogels, during the phase transition is often investigated. Combination of
NMR spectroscopy and DSC, swelling experiments and optical microscopy was
used in the thesis to investigate polymer solutions and hydrogels. Basic descrip-
tion of these methods is introduced in this subchapter.

1.2.1 Nuclear Magnetic Resonance

This chapter has been constructed with help of the following books: [40, [41].

Nuclear magnetic resonance (NMR) used permanent strong magnetic field to
study the response of the specific nuclear spin of the investigated atom. Pulse
NMR is also used to measure the energy emission or absorption. Although
quantum-mechanical description is used to determine the theoretical spectrum
shape, experiments are mainly characterized by classical physics. Hydrogen *H
and carbon 3C are two most often examined nuclei, their spin I = 1/2. Two
energetic levels of the Zeeman dublet are created when atom is inserted into the
magnetic field. The energy gap between them is determined by the equation:

AE =hvBy, (1.1)
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where v is gyromagnetic ratio specific for each nucleus, h is reduced Planc or
Dirac constant and By is an absolute value of the permanent magnetic field By.

If there is no magnetic field, spins are in the equilibrium. But spin starts
to precess after turning the field on along the axis parallel to the direction of
the magnetic field By. The frequency of that motion wyq is called Larmor as a
result of solving the evolution operator from Schrédinger equation with Hamil-
tonian derived for the free particle in the magnetic field and the gap between its
cigenvalues defined by eq. [I.1}

Macroscopic magnetization M is then sum of all the spin vectors. When the
external field is off there is none macroscopic magnetization, although when field
is applied Boltzman statistics for basic and excited levels change and nonzero
magnetization M, occurs (Fig. [L.5h).

(a)

M,

\B,
A

kBO

(c)

Figure 1.5: Magnetization M: (a) in equilibrium — parallel to the external field
|| Bo; (b) after 1f pulz B, applied in z axis — folding M into the zy plane; (c)
final situation — precession around the external field By.

Beside the permanent magnetic field By there is application of the radiofre-
quency (rf) pulse B, as another fundamental part of the NMR spectroscopy.
B, s has very small intensity in comparison to the By, with 7/2 angle, often in
the x or y axis, but with the same Larmor frequency as the investigated nucleus
(Fig. [1.5p).

Then so-called Bloch equations [42] describe the time dependence of the mag-
netization projections to the Cartesian coordinates of the precession (Fig. [1.5k)
and its return to the equilibrium along the z axis because of the spin interactions
in the magnetic field and the energy dissipation into the ambient. Component M,
is maximal in the equilibrium, minimal right after the rf pulse and then increas-
ing back to the maximum value at the equilibrium. Component projection to the
xz plane M,, is inversely zero in the equilibrium, then maximal and decreasing
back. Oscillating current — free induction decay (FID) on the receiver coils is
produced by the precession motion of the magnetization. If we transform time
FID intensity by the Fourier Transformation, so-called NMR spectrum, where x
axis is in ppm. Solving the Bloch equations for magnetization components we
get longitudinal relaxation time 77 and transversal T5. When we change to the
rotation coordinates, Lorentz absorption and dispersion curve, in phase, out of
phase, respectively, could be investigated. Resonance frequency changes due to
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the surrounding and structure of the molecule by the electron shell when inserted
to the magnetic field. Molecule bond changes the local magnetic field <£or the
nuclei. The Larmor frequency is then changed by the shielding constant o

w = —v(1— &)B. (1.3)

Generally the shielding constant is a tensor in the crystalline matter, although
in liquids there is a fast molecular isotropic rotation connected to the thermal
movement and tensor is reduced to scalar which is between 0 and 1. More the
nucleus is surrounded by electron shielding, means higher electronegativity, is
rotated at lower frequencies. The shielding is weaker and frequencies higher
for the light or/and isolated nuclei. If we relatively compare the original and
shielding influenced frequencies and the result multiply by several orders, we
obtain chemical shift ¢ in units ppm (parts per million):

§ =008, (1.4)
Wo
where wy is a Larmor frequency of no interactive, concentration independent stan-

dard.

Relaxation is a process by which the spin system returns to the equilibrium
state and interchanges the excess energy with its surroundings. NMR relaxation
depends on the mobility of the NMR active species. As the molecule undergoes
random thermal motion, there arise uctuating magnetic fields from interactions
with the lattice and from mutual interactions between spins. The fluctuation is
mainly caused by the following processes [41]:

1. Direct dipole—dipole interaction between two spins in one molecule,
2. Chemical shift anisotropy,

3. Spin-rotation interaction.

In liquids, dipole—dipole interaction is averaged by the rotation molecular motion
to zero, but its influence on the relaxation is the most significant.

After switching magnetic field on, the system goes to the new equilibrium
state. The magnetization M,, which is given by the sum of magnetic moments
of individual spins, is not zero anymore. After applying radiofrequency field the
z—component of magnetization relaxes to the new equilibrium state and its time
dependency M, (t) will be

*
M.(t)=My|[1-2e Th|. (1.5)

The constant T} is called the longitudial (spin—lattice) relaxation time.
Transverze (spin-spin) relaxation corresponds to a decoherence of the trans-
verse nuclear spin magnetization. Random fluctuations of the local magnetic field
lead to random variations in the instantaneous NMR precession frequency of dif-
ferent spins. As a result, the initial phase coherence of the nuclear spins is lost,
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until eventually the phases are disordered and magnetization M, is decreasing
as:
t

M, (t) = Mye T2, (1.6)

where the constant 75 is called the transverse (spin-spin) relaxation time.

1.2.2 Differential Scanning Calorimetry

Technique to determine thermodynamical parameters such as heating capacities,
enthalpies or latent heats of the transitions which occur when we heat up or cool
investigated sample is called differential scanning calorimetry (DSC). On the so-
called thermograms (heat flow ) dependent on temperature 7') we see amount
of heat required to increase the temperature, starting and finishing points and
type of the phase transition as glass transition, melting points, etc. DSC has
two chambers as we can see in Fig. where reference and investigated sample
are and we measure the difference of the added heat to each other. Proper heat
rate has to be chosen, pan space maintained clean and several gases which create
environment to get proper results needs to be controlled.

Temperature AT

sample pan reference
with a sample pan
i -_—\ J/ a9 _\ i % _{,-‘/—F = e

Heaters - heat flow Q

Figure 1.6: DSC working scheme.

1.2.3 Optical Microscopy

Magnifying objects using optical principles when light comes through at least
one lens are basics of optical microscopy (OM). In the modern science compound
microscopes are fundamental. They have two lens as is depicted in Fig. [1.7]
first objective lens very close to the examined object and produce the real image
("image 1" in Fig. inside the body of the microscope. Second ocular/eyepiece
lens then produce virtual and inverted image ("image 2" in Fig. . Object could
be typically magnified 10-200 times. For better automation and processing CCD
and CMOS cameras are placed on the top of the ocular and connected to the
computer.
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Figure 1.7: Schematic diagram of the compound microscope.

1.2.4 Swelling experiments

Hydrogels can contain the multiple times more water than is their own volume.
Chains are swelling water and want to expand, but the crosslink structure pro-
duce counteractive force to keep the chains inside. After some time these forces
are tending to equilibrium and the network become fully swollen. That weight
ratio between the swollen polymer and dry polymer is called swelling degree or
ratio. Beside volume fraction between dry and swollen state the dynamic growing
parameters or degree of crosslinking could be determined.
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2. State of Art

Temperature as a stimuli was found for poly(N-isopropylacrylamid) (PNIPAm)
[21], 23], poly (N, N—diethylacrylamid) (PDEAAm) [22, 23] or poly(N—isopropyl-
methacrylamid) [23] and subsequently also for other amphiphilic polymers like
poly(vinyl methyl ether) (PVME) [24, 26, 25] and poly(N-vinylcaprolactam)
(PVCL) [27, 28]. Following subchapter deals with review of studies on solutions
or hydrogels based on these polymers.

2.1 Linear poly(vinyl methyl ether)

As a representative of the water—soluble non—ionic linear polymers we have been
interested in poly(vinyl methyl ether) (PVME). It has useful properties, such
as biocompatibility, non-toxicity, low glass transition temperature and thermore-
sponsive behavior. Pure PVME in water (HyO or D,O) has low critical solution
temperature (LCST) around 308 K. Below LCST there is one homogeneous phase
in the solution and above LCST the solution is turbid and separates into two
phases [43], [44]. A study of phase separation in PVME solutions using various
methods is widespread. The overview is presented in following text.

Maeda [45] determined three PVME concentration regions differing in water
behavior. Region-III (at highest polymer concentrations) is characterized by a co-
operative polymer-water complex, involving hydrogen bonding of water to oxygen
atoms of the polymer. The region-II (intermediate concentrations) also appears
to be formed a hydrogen-bonded water clusters around hydrophobic groups. Free
water appears only in region-I at the lowest polymer concentrations. This can be
interpreted as a cooperative collapse of the hydrogen-bonded water structure to
free water, resulting in the aggregation of the polymer chains due to the exposure
of their hydrophobic groups at the cloud point.

In IR spectroscopic study of PVME aqueous solution done by Y. Maeda [46]
it was found that below LCST, the hydrophilic ether oxygens on the polymer
makes hydrogen bonds with water molecules, which overcomes the unfavorable
decrease in entropy of water due to a formation of an iceberg structure around
the hydrophobic moiety and stabilizes the solution. With increasing temperature,
the hydrogen bonds of the ether oxygens are broken and apolar groups are con-
comitanly dehydrated in the transition region from ca. 33 to 40 °C. Above the
temperature region, the hydrophobic interaction between apolar moieties becomes
dominant and induces separation of polymer chains from solvent (water). PVME
concentration dependence of the position of IR bands shows that the methyl
groups are more dehydrated than the ether oxygen at higher water/monomer
ratios.

Aseyev et al. [47] were investigating the PVME in dilute aqueous solutions
above LCST using several methods such as dynamic and static light scattering
and differential scanning calorimetry. They found that particles (globules) are
spherical and have very narrow size distribution. The size of formed particles
depends on the initial concentration and the heating rate of the solution and it is
not significantly affected by the molar mass of individual macromolecules. Once
being formed, the particles neither precipitate nor disintegrate upon dilution. The
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size of globules did not change at least for several weeks, showing the absence of
any significant association of globules. Narrow size distribution of the globules
also suggests entropic origin of the intermolecular association. The stability of
the dispersion upon dilution at 50°C and zero value of the osmotic second virial
coeflicient indicate that the surface of the particles at temperatures above the
LCST may possess a hydrophilic character. The macromolecules self-organize
and build up particles with the polar groups turned towards the surrounding
aqueous phase.

DSC and IR spectroscopy measurements on PVME /water systems [48, [49] [50]
revealed that solutions with high PVME concentration (> 60wt.%) do not show
crystallization and melting of water. This abrupt change in crystallization and
melting behavior is related to the vicinity of the glass transition temperature (ca.
-25°C) generating a dramatic slowing down of the nucleation rate. Below -20°C,
in solution with 30wt.% of PVME, two types of ice was found. One is formed
by free water and the other is formed by frozen bound water. IR data show that
there are no hydrogen bonds between water molecules and polymer groups.

The phase diagram was revealed for PVME aqueous solutions from modulated
temperature differential scanning calorimetry (DSC) experiments [48, 149, H1].
Evolution of morphology pattern and reversibility during heating—cooling cycle
in PVME/water/ethanol solutions was observed using optical microscopy [52].
'H NMR spectroscopy was applied to investigate structural, dynamical changes
and dynamics during temperature-induced phase separation in PVME /D50 solu-
tions [53, [54] 55, 56] 57, 58]. Formation of rather compact globular-like structures
caused by the phase separation above the LCST is viewed as marked line broad-
ening of the corresponding units of the PVME molecule [53, [54]. Above the phase
separation, the fraction of PVME units involved in collapsed globular-like struc-
tures was stable at approximately 0.85 for solutions in the range of concentrations
0.1 — 30wt.% [54].

The data as obtained from NMR spectroscopy were used to construct van’t
Hoff plot and thermodynamical parameters of the transition in polymer solutions
and hydrogels were determined [59, [60, [61]. On the basis of phenomenological
model of the rigid sphere with variable diameter in which macromolecule is viewed
as consisting of independent cooperative units, cooperativity of the transition can
be related to comparison of the effective (van’t Hoff) enthalpy and the calorimetric
enthalpy of a polymer molecule and also determined the approximate the diameter
[62].

There are different ways to influence the transition temperature or modify the
length the transition parameters of the thermoresponsive polymers. As the poly-
mer character above the transition is switched from hydrophilic to hydrophobic,
we can influence that behavior by the composition of the polymer itself e.g. by
co-polymerization, grafting with hydrophilic parts or side-chains. Behavior could
be also influenced by changes of the solvent composition through the adding ad-
ditives to the water/polymer solution. Additives are often small molecules which
alter interactions between water and polymer, examples mentioned [43], 52, [63].

Horne et al [43] investigated the effect of different types of alcohols on the
cloud point temperature of PVME. It was found that propanol has little effect on
cloud point whereas lower molecular weight alcohols (methanol, ethanol) stabilize
the hydrogen bonds and shift slightly the cloud point towards higher tempera-
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ture. Higher molecular weight alcohol, n-buthanol, destabilize the interactions in
system and decreases strongly the cloud point temperature.

Additive molecules can sometimes be used as a crude model of a medical drug
for examining drug delivery systems [3], [64]. The ability of an additive compound
to interact with the polymer chain on the one hand and to bind water molecules
on the other hand plays an important role in its influence on the transition mech-
anism [65]. In particular, the ability of the additive to be embedded into the
polymer globules affects the mechanism of their formation and the kinetics of
water release and, possibly, also the additive release from the globular structures.
Based on their influence on polymer structure, it is possible to distinguish two
types of additives, namely those that either stabilize or destabilize the hydration
structure surrounding the polymer chain [66].

Micro-Raman spectroscopic investigation [67] of PVME/water/alcohol terna-
ry mixtures showed that transition temperature monotonically increase with in-
creasing fraction of alcohol (methanol and ethanol). The obtained results suggest
that association between the alcohols and PVME is mainly driven by hydropho-
bic interaction. More hydrophobic alcohols associate with PVME easier, raise
the hydrophobicity of PVME, and finally reduce the transition temperature to a
larger extent.

2.2 Hydrogels based on poly(/N—isopropylacryl-
amide)

One of the most frequently used thermoresponsive polymer is poly(/N—isopropyl-
acrylamide) (PNIPAm) which undergo a volume phase transition around 307 K
[20, 27]. Temperature-induced phase transition in PNIPAm hydrogels was inves-
tigated by various techniques such as dynamic light scattering [68], differential
scanning calorimetry (DSC) [69], rheology [70] or nuclear magnetic resonance
(NMR) [71], [72]. Due to attractive stimuli-responsive properties of smart hydro-
gels, several potential applications in drug delivery systems [73], bio-separation
[74], artificial muscles [75], microfluidics [12], tissue engineering [76] and mi-
cro/nanoactuators [77], etc., were suggested. In connection with application of
PNIPAm however some concerns appeared about potential release of toxic low-
molecular-weight amines due to hydrolysis and other thermoresponsive polymers
have been proposed as alternatives for bio-applications [7§]. On the molecular
level, PNIPAM has been used in many forms including single chains, macroscopic
hydrogels, microgels, latexes, thin films, membranes, coatings, and fibers [21].
With respect to possible applications, control of the swelling properties and
parameters of phase transition in hydrogels is desired. Conventional single net-
work (SN) hydrogels prepared with one polymer component exhibit limited ther-
mosensitivity and possibility to tune transition parameters. They usually fail at
poor tensile properties they show very low resistance against crack propagation.
SNs hydrogels have been thus limited in the usage such as controlled drug deliv-
ery devices or water—absorber. The reasons for lack in mechanical strength of a
hydrogel are its solution-like nature, i.e., low density of polymer chains and small
friction between the polymer chains, and heterogeneity of the network structure
of the hydrogel formed during the gelation. When a force is applied to a gel with
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heterogeneous structure, stress is concentrated around the shortest chain, and
this leads to a failure of the sample at a very low force.

Responsive rate of the transition or swelling capacities of PNIPAm and other
thermoresponsible hydrogels can be affected by copolymerization of two mono-
mers [79, 80]. Formation of interpenetrating polymer networks (IPNs) could be
another strategy. IPNs are defined as a combination of two or more polymers in
network form where at least one component is synthetized in the presence of the
other component. Compositions in which one or more polymers are crosslinked
and one or more polymers are linear or branched are semi-interpenetrating net-
works (SIPNs) [81]. First attempt for interpenetrating network was done by
Aylsworth, who combined sulfur and rubber with phenol-formaldehyde in 1914
[82].

In literature, there are several investigations of IPNs and SIPNs containing
PNIPAm and temperature insensitive network which significantly influences the
final macroscopic properties. Kim et al. have synthesized IPN poly(vinyl alco-
hol) /PNIPAm, and they studied the swelling kinetics [83], electroactive character-
istics [84], and thermal properties [85]. IPNs composed of poly(vinyl alcohol) and
PNIPA Am-co-acrylamide copolymers that were also investigated by cloud point
measurement and differential scanning calorimetry [86], and significant differences
in volume phase transition enthalpies of PNIPAm were found. Here, acrylamide
increases the hydrophilicity of PNIPAm and therefore shifts the LCST of the
copolymer network to higher values.

Thermo and pH sensitivity were besides the PNIPAm/PAAm systems inves-
tigated also on the IPN systems PNIPAm with polyurethane (PU) [87]. The
swelling transition temperatures of PNIPAAm gels were little affected by the in-
corporation of PU networks in IPN structures. The swelling and drug releasing
behavior of PNIPAAm/PAA TPNs was significantly affected by the variation of
PAA compositions. Drug release process rate decreased in the solution with pH
7.4, but increased with increasing PAAm content for pH 5.0 due to the decreasing
swelling power of PAAm with decreasing pH. Zhang et al. [88] studied IPN of
two PNIPAm hydrogels with different compositions. Although transition tem-
perature is similar as for ordinary neat PNIPAm hydrogel, mechanical properties
improved (compression modulus increased 1.9 to 3.5 times, tensile modulus 1.5 to
16.8 times), drug is being released for longer time and deswelling kinetics can be
tuned with the composition of the IPN. The reason of these changes are higher
polymer mass per unit volume and changes in morphology. Unlike normal PNI-
PAAm hydrogel, the IPN-PNIPAm gels are not homogenously porous, but they
have a fibrillar-like structure with non-uniform mass distribution.

There are virtually no studies how polymer architecture affects transition
behavior of IPNs where both chemically different networks are thermorespon-
sive except the Stastna et al. [89] used the combination of NMR spectroscopy,
DSC, dynamic mechanical spectroscopy and optical microscopy to investigate
temperature-induced volume phase transition in hydrogels of IPN poly(N-iso-
propylmethacrylamide) (PNIPMAm)/PNIPAm with various PNIPAm contents
where both components are thermosensitive. The behavior of the hydrogels (one
or two transitions) was found to depend on the ratio of the two IPN components.
Separate transitions for the two components were revealed in hydrogels of TPNs
containing around 50 mol% of PNIPAm monomer units. A certain portion of
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spatially restricted bound water was established from NMR relaxation measure-
ments for all studied copolymer solutions and IPNs at temperature above the
phase transition.

Gutowska et al. [90] were one of the first investigators, who described networks
with one component cross-linked and one linear, so called semi-interpenetrating
networks (SIPNs). In this case it was long studied PNIPAm with linear poly-
(ether(urethane-urea)) as a representative of biomers. The deswelling rates were
unchanged for concentrations under the 2.5% of biomer compared to the cross-
linked PNIPAAm. Above the 2.5% biomer helped deswelling process by prevent-
ing the skin-type layer formation on the surface of the gel. The goal was use it as
a drug delivery system in this case heparine. Increasing temperature and biomer
content decrease amount of drug which could be loaded into the swollen polymer.

Temperature-induced collapse was studied on SIPNs composed of PNIPAm
and various hydrophilic polymers [91]. Due to hydrogen bonding in the hydro-
gel network, critical collapse temperatures of SIPNs were shifted to lower val-
ues in comparison with neat PNIPAm network. Hydrogels of SIPN based on
crosslinked PAAm with linear PNIPAm were synthesized and their properties,
such as swelling ratio and compressing elastic moduli, were studied at several
temperatures [70]. Equilibrium swelling ratios of SIPNs markedly decreased due
to the presence of less hydrophilic PNIPAm chains. SIPN hydrogels present
better mechanical properties than PAAm hydrogel, mainly when the PNIPAm
chains are in a collapsed state. The effect was explained as being an additional
contribution of the PNIPAm chains, which collapsed around the PAAm networks.

SIPNs based on crosslinked PNIPAm and nonionic or ionic linear polyacry-
lamide PAAm were synthesized and effects of crosslinking density and incorpo-
ration of linear polymers into networks on the temperature-induced transition,
swelling behavior and mechanical properties were studied [92]. The introduction
of cationic and anionic linear hydrophilic PAAm into PNIPAm networks increased
the rate of swelling, whereas the presence of nonionic PAAm diminished it. Tran-
sition temperatures were significantly affected by both the crosslinking density
and the presence of linear PAAm in the hydrogel networks. SIPNs reinforced with
cationic and nonionic PAAm exhibited higher tensile strengths and elongations
at break than PNIPAm hydrogels, whereas the presence of anionic PAAm caused
a reduction in the mechanical properties.

2.3 Hydrogels based on poly (N, N—diethylacryl-
amide)

Poly (N, N—diethylacrylamide) (PDEAAAm) is another N-substituted thermo-
sensitive polymer with VPTT values 304 — 307 K [93, 94], 05]. PNIPAm and PDE-
AAm share the same backbone structure, except for the N—substituted groups,
two ethyl groups for PDEAm, and one isopropyl group for PNIPAm (cf. Fig.
in chapter . Owing to the absence of NH in the amide group, PDEAAm
can only act as hydrogen bond acceptor and thus disable the formation of intra-
or interchain hydrogen bonds. Therefore, PDEAAm is a suitable candidate for
comparative study with PNIPAM to check the role of NH moiety [96], 97].
Baltes [93] investigated PDEAAm also with PNIPAm in various solutions by
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photometry and high sensitivity DSC with the result that the salt effect influ-
ence PNIPAm and PDEAAm in the same way by decreasing the LCST tem-
perature. Others also saw the PDEAAm capacity to store and release active
agents, meaning that PDEAAm is attractive candidate for biomedical applica-
tions, particularly drug delivery [94]. Effect of the chemical composition on the
phase separations of the aqueous solutions of the copolymers of N, N—dimethyl-
acrylamide and other N-substituted acrylamides including N—ethylacrylamide,
N, N—diethylacrylamide or N—tert-butylacrylamide was studied [95]. The copoly-
mers exhibit systematic changes in their LCSTs as a function of their comonomer
composition, for which an empirical equation was established.

The cytotoxicity of PDEAAm hydrogels was found to be less pronounced than
for PNIPAm ones, though there are no short time effects (less than 4h) and is
rather low in both cases for higher temperatures and longer time of explosion
determined by the WST-1 viability and the LDH cytotoxicity [98] — there are
also shown TEM pictures of so-called microgels. PDEAAm is often compared to
the PNIPAm and it has been found that swelling properties of both hydrogels can
be considerably influenced by the crosslinking density, on the other hand swelling
ratio of PDEAAm hydrogels below VPTT is much lower than that of PNIPAm
hydrogels which is attributed to the different chemical structure of monomeric side
chains [99] T00]. PDEAAm has more significant dependency on the crosslinking
agent, slower reswelling kinetics and also broader temperature phase transition
region.

Besides investigation of the neat PDEAAm hydrogels, copolymerization of
DEAAm with a hydrophilic (hydrophobic) monomer or introducing another poly-
mer into PDEAAm hydrogel to form IPN were also used to control phase transi-
tion behavior. The effect of copolymerization of DEAAm with various hydrophilic
co-monomers on the swelling properties and parameters of the phase transi-
tion were studied using nuclear magnetic resonance (NMR), Fourier transform
infrared spectroscopy (FTIR) and modulated differential scanning calorimetry
(DSC) [101]. Crosslinking density and the nature of the incorporated hydrophilic
component were found to impact hydrogel structure, mechanical properties and
swelling kinetics. Aminophylline was selected as a model solute for drug loading
and release studies by thermal deswelling in HCI buffer and phosphate buffer
media.

Temperature-dependent FTIR was employed to study the phase transition
process in random copolymers and microgels based on NIPAm and DEAAm and
the transition mechanism by the difference of various hydrogen bonds was ex-
plained [102]. The thermo- and pH-sensitive behavior of SIPN hydrogels based
on poly((2-dimethylamino)ethyl methacrylate) and PDEAAm were investigated
for various compositions by scanning electron microscopy (SEM) and DSC [103].
SIPNs showed mutative values in reaction to the temperature and pH change
with faster de/swelling rates compared to the neat cross-linked PDEA.
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2.4 Hydrogels based on poly(N—vinylcaprolac-
tam)

Poly(N—vinylcaprolactam) (PVCL) is another important example of the ther-
mosensitive amphiphilic water-soluble polymer [27]. PVCL hydrogels and solu-
tions have attracted much attention, as they are biocompatible and reversibly
thermoresponsive near physiological temperature (LCST ~ 303-311 K, depend-
ing on the concentration and molecular weight) [26, 104, 105]. Some important
differences were found for PVCL in comparison with acrylamide-based polymers,
especially a much lower level of dehydration of PVCL segments at temperatures
above the phase transition [105, 106]. The origin of these differences can be in
different structures of respective monomer units. IR spectroscopy results showed
that PVCL mesoglobules might forma sponge-like structure in contrast to PNI-
PAm cotton-like globules [107]. Slightly crosslinked hydrogels of PVCLwas stud-
ied as a function of temperature [I08]. In water, PVCL hydrogels showed a
sharp volume transition on heating. In water/alcohol mixtures, the hydrogel first
shrank and then expanded as the temperature was raised. The swelling behavior
of PVCL hydrogel in surfactant solution depended on kind and concentration
of the surfactant. High-sensitivity microcalorimetry studies have revealed that
PVCL hydrogels undergo two heat-induced cooperative transitions: at 304.5 and
310.5K [109]. The low-temperature transition is proposed to be associated with
the microsegregation resulting in formation of hydrophobic domains in the gel
whereas the high-temperature transition is due to the gel volume collapse. The
transition temperatures decrease in the presence of NaCl and increase with in-
creasing sodium dodecyl sulfate concentration.
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3. The Main Goals of the Thesis

The main aim of this thesis is to characterize structures and interactions in
aqueous solutions and hydrogels of responsive interpenetrating (IPNs) and semi—
interpenetrating (SIPNs) polymer networks. Information how the architecture
of the polymer system affects the phase-separated globular structures on various
level should be obtained. This includes information on the sizes and shape of these
structures, on the fraction of monomeric units directly involved in these struc-
tures, on changes in hydrogen bonding of specific funtional groups, on changes
in the arrangement and order of water molecules as well as on changes in the
dynamics both of polymer segments and water molecules due to the phase tran-
sition. As main method, NMR spectroscopy will be used in these investigations
and combined with swelling, DSC and optical microscopy experiments.

In the thesis we will focus on the following systems:

1. Aqueous solutions of linear poly(vinyl methyl ether). The NMR and DSC
parameters will be analyzed to determine thermodynamical parameters of
the phase transition for various polymer concentrations. Reversibility dur-
ing heating and cooling cycles will be studied as well. The effect of small
molecular additives on the appearance and extent of the phase transition
will be determined.

2. Hydrogels of IPNs of poly(N—isopropylacrylamide)/polyacrylamide and po-
ly(N—vinylcaprolactam) /poly( N—isopropylacrylamide). The influence of
IPNs composition and reverse sequence in the preparation procedure on the
phase transition will be examined.

3. Hydrogels of SIPNs and IPNs of poly(N, N—diethylacrylamide)/polyacryl-
amide. Besides the effect of network composition on the volume phase
transition, we will investigate SIPNs and [PNs with a reversed sequence of
the two components in the preparation procedure, i.e., SIPNs of crosslinked
PDEAAm and linear PAAm and inversely SIPNs of crosslinked PAAm and
linear PDEAAm, and both types of IPNs PDEAAm/PAAm and PAAm/
PDEAAm, as there are virtually no studies of this aspect in the literature.

The behavior of prepared networks will be compared with aqueous solution
of linear PDEAAm and neat hydrogel of crosslinked PDEAAm.
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4. Experiments

4.1 Samples

4.1.1 PVME Solutions

PVME (purchased from Sigma-Aldrich (St. Louis, MO, USA), supplied directly
as 50wt.% aqueous solution with average molecular weight M, = 60.500 and in-
dex of polydispersity M, /M, = 3) was used after drying to prepare PVME/D20
(99.9v0l.% of deuterium) solutions of desired concentration in the range ¢ = 0.1
— 90 wt.%. Samples for NMR measurements were prepared for 5 mm tubes,
a small droplet of highly diluted NMR standard tetramethylsilane (TMS) was
added. Then the tube was degassed and sealed under argon. Structural formula
is shown on the Fig. [£.1]

PVME

O

/

HsC

Figure 4.1: Structural formula of PVME repeating units.

4.1.2 Additives

There were added t-butyl methyl ketone (TBMK or 3,3-Dimethyl-2-butanone), t-
butyl methyl ether (TBMe), t-butylamine (TBAm), and t-butanol (TBOH) into
the PMVE/water solutions. All these substances were purchased from Sigma-
Aldrich with the purity 99vol.%, 99,8vol.%, 98vol.%, 99,5v0l.% for TBMK, TB-
Me, TBAm, TBOH, respectively, and has not been mixed or changed in other
way. The same PVME was dried and prepared qualitatively as previously in
the subsection [4.1.1] Solutions in the concentration range cp = 0.5-10wt.% were
prepared, 0,5, 1, 5, 10wt.%, concretly. Then additives were carefully mixed into
the PVME /water solutions with the concentrations c,q = 1, 2, 5, 7, 10wt.%.
Most of the additives were highly volatile and so we estimate concentration er-
ror at about 0,5wt.%. All the PVME/D,O samples for NMR measurements
were prepared for 5 mm tubes, a small droplet of highly diluted NMR standard
sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) was added, then degassed
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and sealed in the argon atmosphere. In the Fig. [4.2] there are formulas of all the
additives used.

TBMK TBME
CH, CHs
HaC CHs M€ CHa
0]

N
/
\

TBAm TBOH
CH
3 CHj
HyC CH
° ° HaC CHs,
NH,
OH

Figure 4.2: Structural formulas for methyl ketone, t-butyl methyl ether, t-
butylamine, and t-butanol additives.

4.1.3 IPNs Based on PNIPAm and PVCL

There were group of samples containing N—vinylcaprolactam (VCL; Sigma-Al-
drich, >97.5% GS), N—isopropylacrylamide (NIPAm; Sigma-Aldrich, 97%) as well
as NIPAm (Fluka/Honeywell, 98% by HPLC) and acrylamide (AAm; Fluka/Ho-
neywell, 99% by HPLC). They have been further purified by sublimation.

Following chemicals as N, N’-methylenebisacrylamide (MBAAm; Fluka), 2,2’-
azobis(2-methylpropionitrile) (ABIN; Fluka), and 2-hydroxy- 2-methylpropiophe-
none (Darocur 1173; Fluka), 4,4’azobis(4-cyanovaleric acid), diethylether, N,N,-
N’, N-tetramethylenediamine (TEMED, Sigma-Aldrich) were used as obtained.

Ethylidene-bis-3( N-vinyl-2-pyrrolidone) (EBVP) was synthesized using the
procedure given in ref. [57].

Two types of interpenetrating networks of PAAm and PNIPAm were prepared
in reversed order, i.e. both PNIPAm/PAAm and PAAm/PNIPAm. IPNs were
synthesized in water using redox initiating system ammonium persulfate TEMED
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and crosslinking agent MBAAm. 20wt.% solution of NIPAm with 0.06wt.% of
MBAAm and 5wt.% solution of AAm with 0.135wt.% of MBAAm were used for
IPN preparation. In the synthesis of interpenetrating network PNIPAm/PAAm
the PNIPAm network was prepared first at 277 K. Unreacted monomer was re-
peatedly washed out by water and PNIPAm networks were pre-dried for subse-
quent swelling. The first network was then swollen in aqueous solution of AAm
monomer, redox initiating system and MBAAm in refrigerator for 24 hours, and
polymerization was carried out at room temperature. The interpenetrating net-
work PAAm/PNIPAm was prepared in a similar way but the PAAm network was
prepared first. The final interpenetrating networks were repeatedly washed and
reswollen by distilled water and finally reswollen in D5O.

For the linear PNIPAm Darocur 1173 has been used as photoinitiator for the
UV polymerization of NIPAm in ethanol at 278 K. Linear PAAm was prepared
by radical polymerization of AAm in ethanol/water mixture (85/15 by volume)
at 333 K with 4,4’-azobis(4-cyanovaleric acid) as initiator. Polymer was isolated
by precipitation with diethylether and purified by reprecipitation from water to
ethanol. After subsequent drying of all samples to constant weight under low
pressure, the Dy O solutions (2wt.% and 8wt.% for NMR and DSC measurements,
respectively) of PNIPAm/PAAm mixtures were mixed in molar ratio of variour
monomeric units with respect to the real compositions of the corresponded IPNs.

In the synthesis of IPN PVCL/PNIPAm, the PVCL network was prepared
first, thermally from reaction mixture containing 10wt.% solution of VCL and
with cross-linking agent EBVP (2mol.% related to monomer) and initiator ABIN.
The polymerization was carried out in ethanol under nitrogen atmosphere at
333K for 24h in sealed glass capsules. Unreacted monomer was repeatedly
washed out by ethanol. Subsequently, the PVCL network was swollen in the
ethanol solution of monomer NIPAm (20wt.%), with photo initiator Darocur
1173 and cross-linking agent MBAAm (1mol.% related to monomer) in a re-
frigerator with no access of air and light. Then, the samples were purged with
nitrogen, sealed, and exposed to UV light with a wavelength of 254 nm at room
temperature.

Structural formulas of the repeated units are shown on the Fig. 4.3l PVCL
and PNIPAm are hydrophobic in water solutions and undergo phase separation,
on the other hand hydrophilic PAAm does not. PVCL has two transitions at
304.5 K and 310.5 K and PNIPAm only one at 307 K as was mentioned in chapter

4.1.4 IPNs and SIPNs Based on PDEAAmM

PDEAAm and PAAm homopolymers were prepared by free radical polymer-
ization of DEAAm (Sigma-Aldrich, 98,5% GC) and AAm (Fluka, 98% HPLC)
monomers in ethanol (96vol.%) at 343 K for 24 h using 2,2’-azobis(2-methylpro-
pionitrile) (ABIN, Fluka) as initiator. For the preparation of PDEAAmM/PAAm
(and reverse PAAm/PDEAAm) SIPNs of various composition DEAAm (or AAm)
monomer and crosslinker, N, N'-methylene bisacrylamide (MBAAm, Fluka), were
dissolved in aqueous solution of PAAm (or PDEAAm). Hydrogels were pre-
pared using the redox initiating system ammonium persulfate — N,N,N’,N’'—
tetramethylenediamine (TEMED). In the synthesis of IPNs PDEAAm/PAAm

27



PVCL PNIPAmM

PAAM PDEAAmM

Figure 4.3: Structural formulas for PVCL, PNIPAm, PAAm and PDEAAm re-
peating units.

the PDEAAm network was prepared first in water at 277K using the redox
initiating system [(N Hy)2S5205-TEMED] and crosslinking agent MBAAm. Sub-
sequently, the first network was swollen in aqueous solution of AAm monomer,
redox initiating system and MBAAm, polymerization was then carried out at
room temperature. The IPNs PAAm/PDEAAm were prepared in a similar way
but the PAAm network was prepared as the first one. For that hydrophobic poly-
mer with transition between 304-307 K (see chapter [2]) there is structural formula

on Fig.

4.2 Experimental Settings

4.2.1 DSC

DSC measurements were performed with a Pyris 1 apparatus (Perkin-Elmer). Ni-
trogen was used as the temperature control gas. Helium gas was passed through
the DSC cell at a flow rate of 20ml/min. Into the pan (max. 40 ml) there were 8
— 16 mg of the material — no matter if solution or solid sample. All enthalpy peaks
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were recounted to the element (most often per gram) of the polymer. DSC ther-
mograms were recorded by Pyris apparatus (Perkin-Elmer). Qualitative scheme
of the cycles you can see on the Fig. There are full 2 heating cycles, 2 cooling
cycles and 3 waiting periods.

A

T[°C]

a) a)

t [min]

Figure 4.4: Schema of the DSC cycles used to carry out the measurements.

Samples were heated within the range 298 — 318 K (b) and d) points on the y
axis on the Fig. 4.4) and carried out at the heating and cooling rate (slope of the
line between the b) and ¢) or ¢) and d), respectively, on the Fig[4.4) 10 K /min for
samples with PVME without additives. There were heating and cooling rates of 5
K/min over a range of 275 — 325 K for PVME with additives and 295 — 335 K range
with rate 5 K/min for IPNs and SIPNs, respectively. Delay between next step was
2 min for all samples. In the aluminum pan there were 8.9 — 18.4 mg of samples.
The transition was characterized by calculation of the enthalpy changes per unit
mass of polymer through integration of the experimental DSC thermograms.

4.2.2 NMR

High-resolution 'H NMR spectra were obtained with a Bruker Avance 500 and
Bruker 600 MHz Avance III spectrometers (Billerica, MA, USA). 5 mm NMR
tubes were always used for all samples. Before each NMR experiment, the sam-
ples were kept at the final experimental temperature always for at least 15 min.
Temperature was maintained constant within £0.2 K using a BVT 3000 temper-
ature unit. The integrated signal intensities were determined with the spectrom-
eter integration software Topspin with an accuracy of 1%. All the obtained Ty
relaxation curves had the monoexponential character and relative error for then
discussed T values did not exceed £5%.

Typical conditions for 'H NMR spectra detection were as follows:

o spectral width 5kHz
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« pulse width 10s (II/2 pulse)

o length of the I1/2 pulse between 12.5 us

o relaxation delay 20s

« relaxation delay of 100s in quantitative measurements of HDO signals

e 8 scans or 16 scans

The 'H spin-spin relaxation times T, were detected with parameters:
« CPMG pulse sequence 905 — (tg — 1805 — t4)n

e acquisition width td = 0.5ms

e acquisition time 1.64s

e D1 delay between two scans 100s

e 8 scans

e an array of ~35 values

Conditions for **C to determine the real compositions of the IPNs:
o frequency 125.7 MHz

 spectral width of 30 kHz

o I1/2 pulse width 9.5 or 10.5 us

» relaxation delay 80s

« full proton decoupling

4.2.3 OM

Optical Microscope sample were prepared by tapping a 10 ul droplet of the sample
on the microscope support slide with 75 by 25 mm and were covered by standard-
ized cover slips. Thanks to that thin layer was produced. Edge were sealed
by nail-polish to unable the external air go inside or the sample go outside or
so-called "flow" during the measurements. Optical microscope photography was
performed under nitrogen atmosphere using a Nikon eclipse 80i with camera Pix-
eLINK PL-A662 and temperature-controlled cell Linkam LTS350, blow through
with vapours of liquide nitrogen to ensure the proper temperature. Development
of the morphology was observed with 50-fold magnification. The heating rate was
1 K/min, and before each temperature step, the samples were always maintained
at the experimental temperature at least for 1 min.
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4.3 Processing Methods

4.3.1 p-fraction

From the temperature dependent integral intensity of the 'H NMR spectra for
one of the peaks, parameter p could be obtained as:

(4.1)

where I and I are in general terms integrated intensities of polymer signal in the
partly phase-separated(collapsed) system and if no phase separation (transition)
occurs, respectively, and variable quantity p determines the fraction of the phase
separated (collapsed) polymer units with reduced mobility above LCST (VPTT).
For Iy, we took values based on integrated intensities as obtained at temperature
Ty below transition and taking into account the fact that the integrated intensities
should decrease with absolute temperature as 1/7T, i.e., Io(T) = Io(To/T) [57].

4.3.2 Van‘t Hoff Equation

Considering the phase separation as the competition between non-phase separated
(coil) and phase separated (globule) states governed by the Gibbs free energy than
the equilibrium constant K is given by the ratio [59]:

K= (4.2)

= 1_p'

Van’t Hoff equation describes temperature changes of the equilibrium constant
K of the coil-globule transition as follows:

K=_°2122 4.
In BT R (4.3)

where AH and AS are the changes in enthalpy and entropy, respectively, and
R is the gas constant. If we apply eq. into the eq. [.3] the dependences of
Rin(p/(1 —p)) on —1/T could be obtained.

4.3.3 Swelling ratio
As was described in subsection the swelling ratio can be defined as:

SR = M7 (4.4)

mq

where my is identified as weight for dry polymer and my as polymer swollen in
the solution at certain temperature 1.
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5. Results — PVME water
solutions

'H NMR techniques combined with DSC experiments are employed to study dy-
namical and structural changes during the temperature-induced phase transition
in aqueous poly(vinyl methyl ether) solutions. NMR data were used to construct
van’t Hoff plots and changes of the enthalpy and entropy characterizing the phase
transition were determined.

This section is prepared from the results done by author and published in
articles 1. and 2. from the List of publications. Text below use quotes or is
inspired by these articles.

5.1 DSC

Thermal characteristics were examined by DSC for different PVME concentra-
tions. Heating thermograms are seen in the Fig. [5.1

—5wt.%
10 — 20 wt.%
— 40 wt.%
8 79 wt.%
< 6
()]
=
o* 4
2
0

304 306 308 310 312 314 316 318 320 322 324
temperature [K]

Figure 5.1: Heating DSC thermograms for various polymer concentrations.
Curves are shifted vertically for clarity by the step of 2 Jg= 1.

It is obvious that the shape of the DSC peaks depends on polymer concen-
tration. While temperature onset (which defines the origin of the transition) is
not practically influenced by PVME concentration (~ 308 K), the enthalpy values
given as the peak area show maximum for polymer concentration ~ 40wt.% and
this is in accord with literature [44], [45].
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Figure 5.2: DSC thermogram for one complete cycle for 50wt.% of PVME.

On the Fig. |5.2] we can see the cooling branch (bottom of the figure) and heat-
ing branch (upper part) of one cycle. It is clearly seen that during cooling the
peak is shifted to lower temperatures and shows smaller enthalpy values in com-
parison with heating process. Cooling branch also has longer low-temperature
"tail". The same behavior is observed for all the other samples if transition
occurs. Different shape of DSC curves corresponds to different time scale of pro-
cesses during formation (heating) and dissolving (cooling) of mesoglobules. This
effect is also seen in concentration dependence of the enthalpy changes (per gram
of polymer) as obtained from DSC heating and cooling branches (Fig. [5.2). The
values of the exothermic enthalpy for cooling process is smaller in comparison
with the values from heating and this difference strongly depends on the polymer
concentration. In the case of cooling, a remixing transition from locally hetero-
geneous to homogenous state takes place. Here, the compact globules with low
or almost no water content are available for hydrogen bonding but the water
molecules must penetrate the globules interior. Moreover as it will be shown in
the section [5.3] optical microscopy experiments revealed, that the size of globules
in PVME solutions with ¢ = 20 — 50wt% is approximately 5 — 10 times larger
than size of mesoglobules in PVME solution with ¢ = 5wt%, so penetration of
large agglomerates takes much longer than in the case of small globules. When
the concentration c is increasing over 60wt%, a molecular complex between water
and PVME is composed of maximum two water molecules per monomer unit [26]
and the enthalpies corresponding to formation and dissolution of globules become
smaller and equivalent.

On the Fig. we draw the differences of the onset temperature correspond-
ing to heating and cooling branches. The solutions with polymer concentrations
50 — 60wt.% show maximum differences and it corresponds to the middle region
where enthalpies of separation and remixing diverges. Samples with low (0 —
20wt.%) and high (75 — 90wt.%) PVME concentrations show no divergence in
onset temperatures.
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Figure 5.3: Concentration dependence of the enthalpy change per gram of poly-
mer for DSC heating and cooling scans.
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Figure 5.4: Polymer concentration dependence of the onset temperature differ-
ences as obtained from heating and cooling process.

5.2 NMR

High-resolution *H NMR spectra of 30wt.% solution of PVME in DO solution
for two different temperatures are shown in Fig. [5.5] Substantial decrease of
integrated intensity for CH, CH,; and CHj units of PVME bands is the most ob-
servable effect. Mobility of polymer units involved in compact globular structures
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is extremely reduced and this is manifested in the NMR spectra by marked line
broadening for major part of PVME units.

CHj;

HDO

chemical shift / ppm

Figure 5.5: 'H NMR spectra of 30wt.% PVME solution a) 298 K b) 310 K.

From the temperature dependent integral intensity, parameter p and equilib-
rium constant K were calculated using the eq. and the eq. (section (4.3)),

respectively. If eq. is applied to the eq. dependences of Rin(p/(1 — p))
on —1/T in so-called van’t Hoff plot could be obtained for the solutions PVME

with various polymer concentrations (Fig. |5.6]).
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Figure 5.6: The van’t Hoff plot for the phase transition in PVME solutions with
various polymer concentrations. Solid lines are fits according to eq. and [4.3]

The parameters AHyyr and ASyyr from the fitted dependences for PVME
solutions are summarized in Table 5.1l From this Table it follows that both
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AHpyyr and ASyyr are positive and their values correspond to breakdown of
hydrogen bonds between polymer and water and disruption of hydrophobic hy-
dration [IT10]. Assuming that the phase transition is a cooperative process and
the polymer chain consists of cooperative units (domains) which undergo transi-
tion as a whole [62], the values AHy)r are thus related to mol of cooperative
units.

Table contains also enthalpy changes AHpge as obtained from DSC mea-
surements. These values can be recalculated to mol of monomer units and com-
pared with those determined from NMR. From the ratios AHyyr/AHpse the
number of monomer units in one domain can be determined (cf. Table |5.1)).
For PVME solutions with ¢ = 1-30wt.% the size of domains agrees quite well
with average degree of polymerization (DP ~348) so showing that in this case
the cooperative unit is the whole polymer chain. From Table it follows that
the size of domain decreases for solutions with higher ¢ = 50 and 60wt.%. This
tendency to form smaller domains could follow from more significant influence
of interchain interactions as well as from the occurrence of non-hydrated PVME
units in solutions with higher polymer concentrations.

c AHnyr ASNMER AHpsc number of mon.u.
[wt. %] | [MJmol™'] | [kJ (Kmol)~!] | [Jg!] of polymer in domain
1 1.56 5.10 82 328
6 1.69 5.59 81 360
10 1.46 4.75 76 331
30 1.34 4.35 73 316
20 0.55 1.77 46 206
60 0.42 1.40 34 213

Table 5.1: Thermodynamic parameters determined by using NMR and DSC data
and number of monomer units in the domain for PVME solutions of various
concentrations.

5.3 Optical Microscopy

Optical micrographs as obtained for PVME solutions with various concentra-
tions are depicted in Fig. [5.7 For lower concentration ¢ = 5wt.%, formation
of rather spherical globular structures with the radii in the range 1 — 3um is
seen. As the polymer concentration is increasing up to ¢ = 50wt.%, globular
structures are increasing in their size (~ 10pum) similarly as it was observed for
PVME /water/ethanol solutions [52]. Globular structures formed in the highly
concentrated PVME solutions (¢ > 50wt.%) are then smaller as the water con-
tent in solution is not sufficient to form complex with PVME, water-polymer
hydrogen bonds are thus less frequent and the phase separation becomes less pro-
nounced. This corresponds to smaller values of the transition enthalpies as it was
shown in the section 5.2
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Figure 5.7: OM images during the heating for various PVME concentrations at
different temperatures.
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6. Results — PVME water
solutions with additives

In this chapter we perform a comparative analysis of the phase separation of
PVME in the presence of structurally similar additives, ¢-Butyl methyl ketone
(TBMK), t—Butyl methyl ether (TBME), {—Butylamine (TBAm) and ¢-Butanol
(TBOH) differing in individual chemical groups (carbonyl, ether, amine and hy-
droxyl group, respectively). Several experimental techniques is used in this in-
vestigation. NMR spectroscopy was applied to individually analyze the additive,
water and polymer segments and analyze their mobility and interactions dur-
ing the transition. DSC and optical microscopy were used to characterize the
macroscopic behavior. Differences in the mechanism of transition because of the
presence of these additives are discussed.

This section is prepared from the results published in article 5. from the List
of publications. Text below use quotes or is inspired by this article.

6.1 NMR

(CHy),
(additive)
CH-O-CH;

(PVME) H CH,

HDO (additive) :
<\ (PVME) 5% PVME
d k w)k lﬂ 506 PVME
50 TBME
c J /J\ 506 PVME
506 TBAm
b JL A \ 5% PVME
59 TBOH

Y coren

Figure 6.1: High-resolution 'H NMR spectra of D,O solutions of neat PVME
(¢ = bwt.%) (a); and solutions with additives TBOH (b); TBAm (c); TBME (d);
and TBMK (e) (¢ = bwt.%, c.q = bwt.%) measured at temperatures above the
transition of each particular system.
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Fig. shows 'H NMR spectra as detected for the neat aqueous PVME solution
and solutions of PVME with additives at temperatures above the transition of
each particular system. The shapes of the peaks in the spectra are different
for individual additives and for the pure PVME solution. Similarly as in the
aqueous PVME solutions, the intensity and shape of the polymer, additive, and
water HDO signals in NMR spectra vary with temperature. The polymer signal
vanishes from the high-resolution NMR spectra because of broadening (often
extreme) of the polymer peak due to the restriction in the mobility of polymer
chains upon formation of the solid-like globules [54].

In Fig. we can distinguish two types of polymer peaks. The first type cor-
responds to flexible polymer segments which are not involved in compact globular
structures (the narrow part of the CH3;0 peak at 3.5 ppm in spectrum a, Fig.
. The second type is assigned to the major part of polymer units which
form solid-like globular structures (the broad part of the same peak from 4 to 5
ppm). The presence of additives strongly influences the shape of both polymer
band components. As it follows from Fig. [6.1] the signal of the globular units
is extremely broadened, so it is no longer visible in the spectra (spectra in Fig.
b—e); this disappearance indicates that the polymer units involved in glob-
ules formed in solutions with additives show higher immobilization in comparison
with collapsed units in the solution of neat PVME. Further, it is seen in Fig.
that the shape of NMR signal corresponding to PVME group CHOCHj3 depends
on the type of additive. The solution with TBME shows quite narrow CHOCHj3
peak whereas, for solutions with others additives, this peak broadens.

T T T T T T T T
1.0 —m- PVME T
TBMK
—H- TBME
c 0.8- —m- TBOH .
S —H—TBAmM
©
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Figure 6.2: Temperature dependences of the fraction p as obtained from in-
tegrated intensities of CHOCHj3 protons of PVME in neat PVME solution
(¢ = bwt.% in D,O) and PVME/additives solutions (¢ = 5wt.%, cqq = 5wt.% in
in DQO)

For further analysis, we determined the fraction of PVME units in concen-
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trated, polymer-rich phase (fraction p) using the eq. (section [4.3)). Fig.
shows temperature dependences of the fraction p as obtained from integrated in-

tensities of CHOCHj5 protons of PVME in neat PVME solution (¢ = 5wt.%) and
PVME solutions with additives (c,q = bwt.%). It follows that all solutions with
additives exhibit broader transition region than the solution with neat PVME;
this effect is the most significant in PVME/TBMK solution where the transition
is ~12K broad. For all polymer and additive concentrations investigated, the
solutions show a qualitatively similar behavior of the polymer CHOCHj3 proton
intensities.

From temperature dependences of the fraction p the transition temperature
was detected as the temperature in the middle of the transition, i.e., where the
signal has decreased by 50%. Fig. shows the dependence of transition tem-
perature on additive concentration for solutions with ¢ = 5wt.%. It is seen that
increasing the concentration of the additives TBMK and TBME in the solutions
significantly decreases the transition temperature. It indicates that TBMK and
TBME promotes destabilization of the hydration structure surrounding the poly-
mer chain. As it is shown in Fig. [6.3] this effect is more pronounced for TBMK.
The presence of the ether additive only results in changes of the transition tem-
perature, and no broadening of the transition region was observed. Similarly as
TBMK and TBME, higher alcohols, and simple inorganic salts tend to destabi-
lize the structure, i.e., lead to lower transition temperatures in aqueous solutions
of PVME [43]. The values of fraction p above the transition in PVME/TBMK
and PVME/TBME solutions reach ~0.9 similarly as the values in neat PVME
solution. We assume that the remaining minority mobile component (~ 10%),
which does not take part in the phase transition, comes from low-moleuclar weight
oligomers as it was shown for PVME/D,O solutions [55].
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Figure 6.3: Concentration dependence of the transition temperature for PVME /-
additives solutions (¢ = bwt.% PVME in D0).

On the other hand for TBAm and TBOH, increasing concentration was ob-
served to lead to a slight shift of transition temperature to higher values; at the
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same time the transition extent (maximum values of fraction p above the transi-
tion in Fig. decreases as compared with the neat PVME. TBAm and TBOH
molecules obviously stabilize polymer-solvent interactions and prevent hydropho-
bic polymer-polymer interactions. Such stabilizing effect was detected in aqueous
solutions of PVME and lower molecular weight alcohols [43, 52, 67].

The effect of polymer concentration on the phase transition of solutions with
hydrophilic and hydrophobic additives (TBAm and TBME, respectively) is seen
in Fig. [6.4 For higher PVME concentrations (¢ = 10wt.%) in PVME/TBAm
solution, the dependence is shifted by ~4K to lower values. This shift of the
transition is probably a consequence of the preferred polymer-polymer contacts
at higher concentration, allowing hydrophobic interactions to predominate at
lower temperatures. More complicated behavior was detected for solutions with
hydrophobic TBME. An increase of the transition temperature is observed for
additive concentration c,q = 3wt.% and higher polymer concentration, appar-
ently since the number of hydrophobic additive molecules per polymer segment
decreases and, thus, hydrophobic interactions of the additive with the chain are re-
duced. Subsequently, for more concentrated polymer solutions and c,q > bwt. %,
the transition temperature decreases by ~4 K. The solvent quality for such high
TBME concentrations is probably reduced and the phase transition occurs al-
ready at lower temperatures. These two different mechanisms controlling LCST
shift were described for aqueous solutions of poly(N-isopropylacrylamide) and
hydrophobic benzaldehydes [3].
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Figure 6.4: Concentration dependence of the transition temperature for PVME /-
TBME and PVME/TBAm solutions for two various polymer concentrations ¢ = 5
and 10wt.% PVME in D,O.

6.2 Mobility of Water and Additives

A comparative analysis of T, of water and additive molecules was performed at
temperatures below and above the transition to follow the changes in the dynami-
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cal behavior of these molecules in the presence of the polymer. In this respect it is
useful to introduce T5, as the ratio of Ty values measured in the polymer-additive
system Ty(pvme + additive) and in the corresponding additive/DyO solution
Ty (additive) at the same temperature (Ts, = To(pvme + additive) /Ty (additive))
[3]. The value of Ty, gives temperature-independent information about the extent
of the immobilization of the water and additive molecules caused by the presence
of the polymer. The comparison of these quantities for HDO molecules and for
the t—butyl group of the additives is given in Table[6.1] If no interaction with the
polymer occurs, the value of T3, should be equal to 1 (if the effects of viscosity
can be neglected).

The lower the resulting value 75, the higher the immobilization effect caused
by the polymer—water or polymer—additive interaction.

TBMK TBME TBOH TBAm
LCST | HDO [ (CH;); | HDO | (CHs); | HDO | (CHs); | HDO | (CHs)s
below | 0.16 | 042 | 0.78 | 0.78 | 0.65 | 092 | 0.60 | 0.88
above | 0.14 | 032 | 0.60 | 054 | 0.34 | 030 | 0.83 | 0.79

Table 6.1: Ty, parameters for the PVME/additive solutions (¢ = 5wt.%, cqq =
S5wt.%).

It follows from Table that, for the solution with TBMK, T5, of water and
t—butyl group reach substantially lower values indicating that water and additive
molecules are strongly involved in interactions with the polymer at temperatures
both below and above LCST. For TBME, the solvent and additive molecules
are only slightly affected by the presence of the polymer. Relaxation parameters
Ty, detected in PVME/TBOH and PVME/TBAm solutions below LCST reach
similar values. T5, values of the additive t—butyl group are almost equal to 1,
values as obtained for water molecules are somewhat lower which could indicate
a slight interaction with the polymer as well as the influence of chemical ex-
change. Different relaxation behavior of molecules in solutions with hydrophilic
additives was found at elevated temperatures above LCST.T5, values of molecules
in PVME/TBAm solution remain high even above the transition while a reduc-
tion of Ty, values was observed for water and additive molecules in PVME/TBOH
solution. The greater immobilization above the transition temperature for TBOH
and water can be attributed to the effect of incorporation of a certain portion of
these molecules into the globular structures.

6.3 Cooperativity of the Transition

The temperature dependences of p fraction shown in Fig. can be used for
determining the enthalpy and entropy changes during phase transition, consid-
ering this process as the competition between non-phase separated (coil) and
phase separated (globule) states governed by the Gibbs free energy. The van't
Hoff equation then describes temperature changes of the equilibrium constant
K (Chapter [4.3). Fig. exemplifies Van’t Hoff plot for PVME/TBMK and
PVME/TBME solutions (¢ = 5wt.%, c.q = bwt.%).

43



20 — T T T IIII T T T —~
[/ PVME/TBME v
10 +[O0 PVME/TBMK e
= \v4
& oL ot V 4
¢ [ O z V
- 10+ d
e | AV
= ' O
g ool d
=0 e = %
=
S 30} 4
o \Y
; -3,50 345~ -3,30 -3,25
g

Figure 6.5: Van’t Hoff plot for the phase transition in PVME/TBMK and
PVME/TBME solutions (¢ = 5wt.%, c,q = bwt.%). Dot lines are fits according

to eq. and

The parameters AH g fitted from the eq. are summarized in Table [6.2
Table contains also enthalpy changes AHpge as obtained from DSC measure-
ments and recalculated to the mol of monomer units. Similarly as in the case
of neat PVME solutions (Chapter [5)), enthalpy values AHpge can be compared
with those determined from NMR. The ratio AHyyr/AHpge corresponding to
the average number of monomer units in one cooperative domain are summarized
in Table For the 5wt.% solution of neat PVME and solutions of PVME with
TBME and TBAm (c.q = bwt.%), the size of the domains agrees quite well with
the average degree of polymerization (DP of PVME ~348), thus showing that,
in this case, the cooperative unit is the whole polymer chain. For solutions with
TBMK and TBOH (c.q = 5wt.%), these domains are smaller and consist of only
140 and 170 monomer units, respectively. As follows from relaxation experiments,
a certain amount of water and additive molecules is incorporated into the glob-
ules formed in these two solutions. This process is obviously time-consuming and
disrupts the cooperativity of the transition; cooperative units are smaller and the
phase transition is broader.

6.4 Optical Microscopy

The difference in the structure and size of the polymer globules in the presence
of the additives can be demonstrated by the optical microscopy images shown in
Fig. [6.6] This figure shows that globular stuctures formed above LCST transition
in aqueous PVME/TBMK and PVME/TBOH are somewhat smaller than those
observed for solutions PVME/TBAm, PVME/TBME and neat PVME.

This finding corresponds to the data in Table where size of cooperative
domains as calculated for PVME/TBOH and PVME/TBMK solutions is about
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AHxyvr | AHpge | Number of monomer units
MJ/mol | kJ/mol in domain
neat PVME 1.32 4.05 326
PVME + TBMK 0.32 2.23 143
PVME + TBME 0.78 2.32 336
PVME + TBOH 0.40 2.30 174
PVME + TBAm 0.58 1.98 293

Table 6.2: Thermodynamic parameters determined by NMR and DSC and the

number of monomer units in the domain for mixtures of 5wt.% PVME.

twice smaller in comparison with domains formed in other solutions and this
is obviously macroscopically manifested in smaller polymer aggregations. Inter-
estingly enough, polymer agglomerates formed in PVME/TBME solutions show
strong separation and well-defined surfaces. This could be the consequence of the
fact that 90% of polymer chains are involved in the collapsed structures, as follows
from the fraction p above the transition, and at the same time these structures

do not contain any bound water or additive.

Figure 6.6: Photomicrographs of the neat PVME solution (¢ = 5wt.% PVME
in D,0O) (a) and solutions with additives TBMK (b); TBME (c); TBOH (d);
and TBAm (e) (¢ = bwt.%, c.g = bwt.%) recorded at temperatures above the

transitions of the particular systems.
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7. Results - IPNs of PNIPAm,
PVCL, PAAm

In this section, collapse transition in hydrogels of IPNs of thermoresponsive PNI-
PAm and PVCL and hydrophilic PAAm was studied by a combination of NMR
spectroscopy, swelling and DSC experiments. Besides the effect of IPN composi-
tion on the volume phase transition we investigated IPNs with a reversed sequence
of the two components in the preparation procedure, i.e., both PNIPAm/PAAm
and PAAm/PNIPAm IPNs. The behavior of prepared IPNs was compared with
aqueous mixtures of linear PNIPAm and PAAm which were considered as model
systems for corresponding IPN hydrogels. IPNs PVCL/PNIPAm where both
components are thermoresponsive were studied as well.

This section is prepared from the results published in articles 3. and 4. from
the List of publications. Text below use quotes or is inspired by these articles.

7.1 Characterization

The IPNS consisting of PNIPAm, PAAm or PVC are two-component systems.
The real ratios of these components in IPNs were determined from the integrated
intensities of the respective C=0 peaks in *C NMR spectra using the fact that
chemical shifts of C=0 carbons in PNIPAm, PAAm and PVCL units are some-
what different. The values of the real composition (the molar ratio of respective
monomer units) of investigated IPNs obtained in this way are shown in Table
For the PNIPAm/PAAm samples the obtained real ratios were confirmed by
values obtained from 'H NMR integral intensities of the signal C corresponding
to isopropyl CH protons of NIPAm units and signal G corresponding to CHy pro-
tons of NIPAm and AAm units (cf. Fig. [7.3). The molar ratios as obtained from
13C and 'H spectra were determined with relative errors 6% and 3%, respectively.
Compositions (the molar ratio of respective monomer units) of investigated IPNs
obtained from *C and 'H NMR spectra are virtually the same as shown in Table
In the case of PVCL/PNIPAm samples, the real composition was not deter-
mined from 'H spectra due to strong overlapping of signals. From Table it
follows that the real content of the component prepared as the first is in the IPN
always somewhat higher than the content of the respective monomer. Evidently,
polymerization of the second component did not proceed to full conversion and
remaining monomer was washed out. In further text we used for designation
of samples values determined from *C NMR spectra. Sample PNIPAm/PAAm
sol in Table denotes D50 solution of the mixture of PNIPAm and PAAm ho-
mopolymers in the ratio which is identical to the composition of PAAm/PNIPAm
IPN 42/58.
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composition
monomer ratio | molar ratio from | molar ratio from
in synthesis | *C NMR spectra | 'H NMR spectra
PNIPAm 100/0 100/0 100/0
PNIPAm/PAAm 80/20 82/18 83/17
PNIPAm/PAAm 70/30 78/22 79/21
PNIPAm/PAAm 60/40 69/31 68/32
PNIPAm/PAAm 50/50 60/40 60/40
PAAm/PNIPAm 30/70 42/58 40/60
PAAm/PNIPAm 40/60 61/39 59/41
PNIPAm/PAAm sol 58/42 58/42 58/42
PVCL/PNIPAm 30/70 54/46
PVCL/PNIPAm 30/70 50/50
rel. error 6% rel. error 3%
Table 7.1: Theoretical and experimental compositions of PNIPAm/PAAm,

PAAm/PNIPAm and PVCL/PNIPAm hydrogels and mixed solution of linear
PNIPAm/PAAm. The experimental compositions were determined from *C and
'H NMR spectra.

The swelling ratio was determined at two temperatures 300 K (below VPTT)
and 320 K (above VPTT) and it is summarized in the Table[7.2] To obtain my (cf.
eq. in section values for 320 K, the samples were immersed in water for
3 days (measurement of the time dependences showed that such time is sufficient
for attaining an equilibrium swelling ratio). As we can see hydrogels containing
hydrophilic PAAm show higher swelling ratios at both temperatures than other
IPNs.

components | swelling ratio | swelling ratio
molar ratio 300K 320K
PNIPAm 100/0 13.3 1.3
PNIPAm 100/0 13.3 1.3
PNIPAm/PAAm 82/18 19.1 3.6
PNIPAm/PAAm 78/22 18.1 3.6
PNIPAm/PAAm 69/31 15.8 3.5
PAAm/PNIPAm 42 /58 26.6 5.2
PVCL/PNIPAm 54/46 13.2 0.91
PVCL/PNIPAm 50/50 12.9 0.78
rel. error 8% | rel. error 8%

Table 7.2: Swelling ratios below and above the phase transition of PNIPAm/-
PAAm, PAAm/PNIPAm and PVCL/PNIPAm hydrogels.

7.2 DSC

DSC thermograms were measured for all IPN hydrogels, and the peak corre-
sponding to endothermic transition was observed upon heating in most cases.
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as it is seen for PNIPAm/PAAm and PAAm/PNIPAm IPNs samples and so-
lution of their mixture are shown in Fig. The DSC thermograms of the
PVCL/PNIPAm hydrogels are shown in Fig. The thermogram of the
PVCL/PNIPAm (50/50) sample is virtually the same.
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Figure 7.1: DSC thermograms of PNIPAm/PAAm and PAAm/PNIPAm hydro-
gels and mixed solution of linear PNIPAm/PAAm.
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Figure 7.2: DSC thermograms of PVCL/PNIPAm hydrogels.
As it is obvious from Fig. and [7.2] the DSC peak is rather symmetric for
the PNIPAm/PAAm solution as well as for PVCL/PNIPAm networks. On the
other hand, for PNIPAm/PAAm and PAAm/PNIPAm IPNs, it is asymmetrically
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broaden in higher temperature side in contrast as a consequence of heterogeneity
character of collapsed structures [49].

Samples Ton | Tpeak AH AH AH

K] K] [J/gof | [J/gof | [kJ/mol

hydrogel dry of polym.

or sol.] | polym.] | u. in d.p.
PNIPAm 100/0 | 306.7 | 308.6 2.8 39 4.5%
PNIPAm/PAAm 82/18 | 306.9 | 308.9 1.5 29 4.1¢

PNIPAm/PAAm 78/22 | 308.4 | 310.1 1.4 27 4

PNIPAm/PAAm | 69/31 | 308.9 | 310.6 | 1.2 20 3.3
PAAm/PNIPAm 42/58 | 308.6 | 310 0.2 6 1.1¢
PNIPAm/PAAm sol | 58/42 | 305.7 | 307.5 2.4 30 5.9¢
PVCL/PNIPAm | 54/46 | 304.1 | 307.0 2.3 31 4.0°
PVCL/PNIPAm | 50/50 | 305.0 | 307.1 2.2 29 3.7°

Table 7.3: DSC parameters (see Fig. and , where T, is the onset temper-
ature, T)eqr is the peak temperature and AH is the enthalpy of the transition.
(Values were calculated per mol of: ¢ PNIPAm units in dry polymer; ® PVCL
and PNIPAm units in dry polymer.)

The onset and peak temperatures 7, and Tpeq, as well as the enthalpy AH
of the transition were extracted in Fig. and (Table [7.3).

Critical transition temperature of PNIPAm/PAAm solution (T,, ~ 305.7K,
Tpear =~ 307.5K) corresponds to critical temperature of neat PNIPAm [47, [111]
and it is not affected by the presence of PAAm similarly as it was previously found
for mixtures of PNIPAm and PNIPMAm [III]. In comparison with solution
PNIPAm/PAAm and hydrogel of neat PNIPAm, IPNs show shift of the critical
temperature to higher values with increasing content of PAAm. Together with
the fact that hydrogels of IPNs PNIPAm/PAAm 60/40 and PAAm/PNIPAm
61/39 did not show any phase transition, these results are in accord with results
which were found for aqueous solutions of random copolymers P(NIPMAm/AAm)
where also increase of critical temperature with higher content of AAm units was
observed [112, [I13]. On the other hand, these results are opposite to finding of
Shin et al. [91] for semi-interpenetrating networks PNIPAm/PAAm who by using
DSC reported that VPTT decreased with the incorporation of PAAm. Critical
transition temperature of PVCL depends on the molecular weight and polymer
concentration [26, [105], and it is in the range 303-311 K which is closed to critical
temperature of PNIPAm; therefore, for PVCL/PNIPAm networks, the transition
temperatures of individual components are practically the same which leads to
single DSC transition.

From Table it follows that the enthalpy values recalculated per gram of
dry polymer significantly depend on IPNs composition as well as on the order of
components during preparation for PNIPAm/PAAm and PAAm/PNIPAm sam-
ples. AH values for IPN PNIPAm/PAAm 69/31 sample are three times larger
than values for IPN PAAm/PNIPAm 42/58 with similar composition but re-
versed order in the synthesis procedure. Last column in Table [7.3| shows AH
values calculated per mol PNIPAm units for hydrogels of PNIPAm/PAAm and
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PAAm/ PNIPAm. These values are similar to those reported for gels of NIPAm
copolymers [69], with exception of PAAm/PNIPAm 42/58 sample.

It follows from the literature that enthalpy AH values as obtained by DSC
for cross-linked PVCL are somewhat lower than those for PVCL solutions, e.g.,
1.9kJ/mol [109] and 4.4kJ/mol [114] for PVCL hydrogels and solutions, respec-
tively. Higher AH values for IPN PVCL/PNIPAm as obtained by us in compari-
son with neat PVCL hydrogels according Mikheeva et al. [I09] indicate that both
PVCL and PNIPAm units are mutually involved in the collapse transition. The
other attribute concerning to DSC thermograms of IPN PVCL/PNIPAm should
be mentioned: as reported, neat PVCL hydrogels have shown two endothermic
transitions: at 304.5 K, attributed to a microsegregation of hydrophobic domains,
and at 310.6 K, corresponding to the gel volume collapse itself [109]. To the
contrary, two-component IPNs containing PVCL show one endothermic peak at
307 K and this transition obviously covers all the interaction and volume changes.

7.3 NMR

In Figure there are 'H NMR spectra of PAAm/PNIPAm 42/58 hydrogel
below the transition temperature at 298 K and above it at 315 K. The assignment
of resonances to various proton types is shown directly in the spectrum measured
at 298 K. The strong peak A corresponds to HDO, peaks C and H to isopropyl
CH and CHj3 groups of PNIPAm, respectively. Main chain CH and CH, groups
from both components have signals F' and G, respectively.

J_

__-J \‘ A__,J\,../",\‘__J‘\._ 315’(.

) 4 3 2 1 0
chemical shift (ppm)

Figure 7.3: 500.1 MHz 'H spectra of IPN hydrogel PAAm/PNIPAm (42/58) in
D50 recorded at 298 K and 315 K under the same instrumental conditions. Peak
assignments are explained in the text.

Fig. shows high-resolution 'H NMR spectra of IPN PVCL/PNIPAm
(50/50) measured under the same instrumental conditions at three temperatures.
The assignment of resonances to various proton types is shown directly in the
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spectrum measured at 300 K, i.e., below the VPTT of both polymeric compo-
nents (cf. Fig. [7.5]). The strong peak A corresponds to HDO. The signal marked
by an asterisk at 3.6 ppm corresponds to CHy protons of residual ethanol (from
sample preparation), and the signal of ethanol CHj protons overlaps with that of
methyl protons of PNIPAm in the peak H.

The most important effect observed in the spectra measured at higher tem-
peratures as shown in Figs. and is the marked decrease in the integrated
intensity of all polymer signals. Evidently, at temperatures above the VPTT,
the mobility of most PVCL and PNIPAm units in polymer chains is reduced to
such an extent that the corresponding lines become too broad to be detected in
high-resolution NMR spectra.

PVCL
PNIPAmM PAAM
n e F
n
N (0]
HN )

Figure 7.4: Structural formula of PVCL, PNIPAm, and PAAm repeating mono-
mer units with marked groups from B to G.

To quantitatively characterize the phase transition, we have used the values
of the collapsed p fraction obtained as in eq. in section Temperature T
used to obtain the integrated intensity Iy of the signals for samples with PAAm
was 298 K and for these with PVCL was 300 K, both low enough to be sure that
samples are below the VPTT region. From Fig. it follows that there are
two types of polymer signals in NMR spectrum: PNIPAm signals (C and H) and
mixed PNIPAm and PAAm signals (F and G).

In '"H NMR spectrum for the PVLC samples in the Fig. there are three
types of polymer signals: PVCL signals (B, D, and E), PNIPAm signals (C,
F, and H), and mixed PVCL and PNIPAm signal (G) which is predominantly
determined by PVCL component (eight protons of PVCL monomer units and
two protons of PNIPAm monomer units contribute to this signal, cf. Fig. .
PVCL signals B, D, and E show significant broadening even at temperatures
below VPTT (cf. Fig. , which makes their temperature analysis unfeasible.
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Figure 7.5: 'H spectra (500.1MHz) of PVCL/PNIPAm (50/50) IPN hydrogel in
D50 recorded at 300, 305, and 311 K at the same instrumental conditions. Peak
assignments are explained in the text and in Fig. [7.4]

Temperature dependences of the p fraction, determined from the integrated
intensities of the methyl signal of PNIPAm (signal H) are depicted in Fig. [7.6h;
virtually same dependences were obtained from the PNIPAm isopropyl CH signal
(signal C). In addition to PNIPAm/PAAm and PAAm/PNIPAm hydrogels 'H
NMR spectra were also measured for hydrogel of PNIPAm and for DO solution of
the mixture of homopolymers PNIPAm/PAAm 58/42; temperature dependence
of p-fraction for this solution is also presented in Fig. [7.6h. Analogously to DSC
results, PNTPAm/PAAm mixed solution undergoes the phase separation in tem-
perature region corresponding to the LCST of neat linear PNIPAm. Maximum
values of p-fraction p,.q.. is equal to 1 meaning that all PNIPAm units are in-
volved in phase separated globular structures. From Fig. it follows that the
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transition temperature of PNIPAm hydrogel (temperature in the middle of the
transition interval) is 307 K and the transition is relatively sharp (transition width
2.5K). Introduction of the second hydrophilic component PAAm into networks
PNIPAm/PAAm shifts VPTT to ~310 K, transition interval is broader and max-
imum values py,q, of PNIPAm methyl group are between 0.61 and 0.74 depending
on composition of the network. From Fig. it further follows that there is a
marked effect of the process of IPNs preparation on the phase transition. Phase
transition of IPN sample PAAm/PNIPAm 42/58 is shifted to ~312K and it is
ca. 4K broad. In accord with DSC results no phase transition was detected for
PNIPAm/PAAm 60/40 and PAAm/PNIPAm 61/39 hydrogels.
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Figure 7.6: Temperature dependences of p fraction determined from PNIPAm
CHj signal (a) and mixed main chain CH signal (b) in PNIPAm/PAAm solution
and hydrogels with various composition..

Temperature dependences of the p-fractions as obtained from the integrated
intensities of main chain CH signal of PNIPAm and PAAm units (signal F) are
plotted in Fig. . The second mixed signal of main chain CHy protons (sig-
nal G) showed similar dependences. Maximum values of p-fraction p,,., for the
PNIPAm/PAAm solution is approximately 0.5 which roughly corresponds to the
molar ration of PNIPAm units in the solution and thus to contribution to the
F signal. ppq.. values as obtained for PNIPAm/PAAm IPNs approximately cor-
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respond to ppe values of PNIPAm signals. For example for PNIPAm/PAAm
78/22 IPN pyuqa value of the PNIPAm CHj signal is 0.75 (cf. Fig. meaning
that 75% of CHs protons in NIPAm units participate in collapsed structures.
Comparing value of mixed main chain CH signal with py,., = 0.55 (cf. Fig. [7.6p)
and taking acount IPN composition, we have found that 71% of main chain CH
protons are incorporated in collapsed structures if we assume that AAm units do
not participate in collapse transition at all.

Distinct behaviour can be observed for IPN PAAm/PNIPAm 42/58 hydrogel.
Analysis of p,q. values showed that although 77% of methyl groups are not visible
in NMR spectra, there are only 45% of the main chain CH groups of NIPAm units
which are not detected in NMR spectra due to significantly restricted mobility.
This behaviour can be in connection with the fact that in PAAm/PNIPAm 42/58
hydrogel some inhomogeneities were found in article 3. (List of publications) at
temperatures below the VPTT, which might be, e.g., regions of higher crosslink-
ing density. While isopropyl groups of PNIPAm units in these inhomogeneities
retain relatively high mobile, mobility of respective main chain protons can be
significantly reduced and this can result in reduced I values in eq. in section
and subsequently in smaller values of the p-fraction. This assumption is also
supported by the fact that in contrast to other samples, the intensities of NMR
bands in PAAm/PNIPAm 42/58 hydrogel at temperatures below VPTT are not
in proportion to number of protons in respective groups; e.g., intensities of bands
F (CH group) and G (CH; group) are in the ratio 1 : 1.5.

For the samples PVCL/PNIPAm where both components are temperature-
sensitive we observed specific differences in behavior of PVCL and PNIPAm com-
ponent. As far as the IPN PVCL/PNIPAm (54/46) results were practically the
same, we depicted only temperature dependences of the p-fraction obtained for
signals C, G, and H in IPN PVCL/PNIPAm 50/50 (Fig. [7.7). Mixed signal G
which predominantly corresponds to PVCL component shows somewhat different
temperature dependences of the p-fraction (open symbols in Fig. in compar-
ison with signals of PNIPAm component (filled symbols). In comparison with the
transition of PNIPAm component which is centered (for p = 0.5) around 307K,
the transition of PVCL component is shifted at 2 K towards lower temperatures
(~ 305K). The transitions of both components are approximately 7 K broad. For
PVCL component (signal G), the p,,.. value at higher temperatures is equal to
1, while for PNIPAm component (signals C and H), the somewhat lower values
of pmaz =~ 0.9 are caused by signals of residual ethanol partially affecting also the
integrated intensity of signals C and H.

Different temperature dependences of the collapsed p-fraction as detected for
PVCL and PNIPAm components in PVCL/PNIPAm IPNs can indicate certain
imperfect mutual penetration of two IPN components which influences differently
the dynamics of PVCL and PNIPAm chains at molecular level, and in this case,
during the transition, both IPN components keep their individual character to
a large extent. Nevertheless, as it was mentioned in section [2.4] only a single
transition of PVCL/PNIPAm hydrogels was detected by DSC (cf. Fig. [7.2]). We
assume that this can be in connection with the fact that the difference in the
transition temperatures of PVCL and PNIPAm components is only 2 K which is
not sufficient for macroscopic detection. Therefore, for PVCL/PNIPAm hydro-
gels, the transitions of PVCL and PNIPAm components can merge in one DSC
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Figure 7.7: Temperature dependences of the p fraction as determined from various
PVCL and PNIPAm NMR signals for PVCL/PNIPAm (50/50) IPN hydrogel.

Fig. shows part of "H NMR spectra with signals of water (HDO) for PNI-
PAm/PAAm 78/22 hydrogel measured at various temperatures.There is second
HDO signal which suddenly occurs at higher temperatures at the phase transition
with ~0.015 — 0.05 ppm smaller chemical shift in comparison to the main HDO
peak. The observed change in the HDO region is fully reversible, after cooling
from 317 K to 303K there is again a single HDO signal (cf. blue spectrum in
Fig. m which was recorded ~1 h after cooling from 317 K). This new HDO sig-
nal which appears in NMR spectra detected in transition region at temperatures
above the VPPT evidently corresponds to water molecules bound in collapsed hy-
drogel globular structures. The correctness of this assignment is also supported
by spin-spin relaxation measurements (see further text below). The existence of
two separate HDO signals then means that in the studied IPN hydrogels, there
is a slow exchange of water molecules between bound and free sites. The addi-
tional HDO peak occurs for hydrogels of neat PNIPAm, PNIPAm/PAAm 82/18
and 78/22 and the both PVCL/PNIPAm hydrogels. Samples of hydrogels of
IPNs with PNIPAm content lower than 78 mol.% and the mixed solution PNI-
PAm/PAAm showed at all measured temperatures a single HDO peak.

Similar behavior was previously found for bound and free water or ethanol
(EtOH) in highly concentrated poly(vinylmethyl ether) (PVME)/D,O [56] and
PVME/D,O/EtOH [115] solutions, respectively. Assuming that the exchange be-
tween free and bound water is associated with diffusion proces of water molecules
through mesoglobules, the direct correlation between the rate of exchange pro-
cess (slow or fast) and the size of phase-separated mesoglobules was shown for
concentrated and semidiluted PVME/D,O solutions [5§].
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Figure 7.8: HDO signals in '"H NMR spectra of PNIPAm/PAAm 78/22 hydrogel
in DyO measured at various temperatures during gradual heating (five spectra
from the bottom) and after subsequent cooling (two spectra at the top).

Two separate signals of water were also found in PVME and PNIPAm hy-
drogels [54], 116l [117] and in homo- and copolymer microgels of NIPAm and
N, N—diethylacrylamide in water/methanol mixtures [I18]. On the other hand, a
decrease in the temperature dependence of spin—spin relaxation time (73) of water
observed in the transition region for PNIPAm microgels by Sierra-Martin et al.
[119] indicates a fast exchange between bound and free water. We assume that
similarly as in PVME aqueous solutions [58], also in hydrogel samples, the rate
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of the exchange process can depend on the size of collapsed globular structures.
From the condition [I120] 1/7 <« Av, where 7 is the residence time and Av is the
difference of the respective chemical shifts in Hz, it follows that for the residence
time of bound HDO molecules it holds 7 > 70 ms.
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Figure 7.9: Time dependence of the fraction of bound water as detected for
PNIPAm hydrogel and IPN hydrogel PNIPAm/PAAm 78/22 at 306 and 309 K,
respectively (a) and in the latter case also at 318 K (b).

Interestingly enough, it follows from comparison with temperature depen-
dences of p-fraction (Fig. that bound water appears already at ~306 K and
309.5 K for PNIPAm and PNIPAm/PAAm 78/22 hydrogels, respectively, i.e. at
temperatures when polymer segments just begin to form collapsed structures
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and p-fraction starts to increase above zero value. This behavior is probably con-
nected with self-organization process which includes water molecules and which
begins in the early stage of the phase transition in hydrogels. Fig. shows
time dependences of the fraction of bound water in PNIPAm hydrogel and IPN
hydrogel PNIPAm/PAAm 78/22 at 306 and 309 K, respectively, i.e., just below
the phase transition (cf. Fig. [7.6)). For PNIPAm/PAAm 78/22 IPN hydrogel Fig.
7.9b also shows the time dependence of the content of bound water at 318 K, i.e.,
well above the phase transition (cf. Fig. [7.6)), for PNIPAm/PAAm 78/22 IPN
hydrogel. From Fig. it follows that both in PNIPAm hydrogel and in PNI-
PAm/PAAm 78/22 IPN hydrogel the fraction of bound water slowly decreases
with time. After 45h the fraction of bound water is ~0.15, i.e., ~30% of the orig-
inal value. At the same time the rate of this decrease is not significantly affected

by the temperature (cf. Fig. [7.9pb).

samples components Ty(s]

molar ratio | T' <VPPT T >VPPT
PNIPAm 100/0 4.3 6.87 0.8°
PNIPAm/PAAm 82/18 4.2 5.5 1.3°
PNIPAm/PAAm 78/22 4.2 4.7 0.6°

PNIPAm/PAAm 69/31 4.9 2.0°

PAAm/PNIPAm 42/58 3.5 3.6°

PAAm 0/100 3.7 3.8
PVCL/PNIPAm 54/46 1.9 2.87 0.15°
PVCL/PNIPAm 50/50 1.3 1.9 0.17°

¢ "Free" water signal. Samples showed two water signals (cf. Fig. [7.8)
b "Bound" water signal. Samples showed two water signals (cf. Fig. }
¢ Samples showed a single water signal

Table 7.4: *H spin-spin relaxation times 75 of HDO molecules in hydrogels based
on PNIPAm at temperatures below and above the phase transition.

Substantial differences between bound and free water were found from mea-
surements of spin-spin relaxation time 75 of HDO molecules in hydrogels of
neat PNIPAm and PAAm and IPNs of PNIPAm/PAAm, PAAm/PNIPAm and
PVCL/PNIPAm as we can see in Table [7.4] From this Table it follows that 75
values in hydrogels of neat PNIPAm and IPNs PNIPAm/PAAm 82/18, 78/22
and the both PVCL/PNIPAm are for bound water substantially smaller in com-
parison with free water molecules - up to 2 orders of magnitude shorter. The
main source of these differences is evidently the fact that the motion of bound
water is spatially restricted and anisotropic [56].

IPN hydrogels PNIPAm/PAAm 69/31 and PAAm/PNIPAm 42/58 above
VPTT did not show the second additional peak corresponding to bound HDO
molecules. T5 value of HDO obtained for IPN PNIPAm/PAAm 69/31 declines
substantially as hydrogel passes over VPTT (Table . Such decrease of water
relaxation time 75 was previously observed in the transition region for PNIPAm
microgels by Sierra-Martin et al. [I19] and it is consistent with a fast exchange
between bound and free water. Significant differences in 75 values in dependence
on temperature were not found for PAAm/PNIPAm 42/58 hydrogel and for neat
PAAm hydrogel which does not show phase transition (Table .
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As described above, investigated systems show in principle three types of
water behaviour during phase transition. The fact that no bound water was de-
tected by NMR in PAAm/PNIPAm 42/58 hydrogel can be in connection with
the DSC finding that enthalpy of the transition is for PAAm/PNIPAm 42/58
hydrogel substantially smaller in comparison with PNIPAm/PAAm hydrogels
(cf. Table[7.2)). Relatively small p,,q, values obtained for main chain protons in
PAAm/PNIPAm 42/58 hydrogel in Fig. [7.6b) can be also relevant in this respect.
In this sample probably because of non-perfect chain interpenetration during net-
work preparation heterogeneous regions with higher crosslinking density appear
already at temperature below VPTT. Above VPTT PAAm/PNIPAm network
can form globular regions which are extensively hydrated. Rather insignificant
interaction changes during transition are thus in this case accompanied with a
small change of enthalpy.
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8. Results - IPNs and SIPNs of
PDEAAmM and PAAm

Temperature-induced phase transition in hydrogels of semi-interpenetrating (SI-
PNs) and fully interpenetrating (IPNs) polymer networks of thermoresponsive
poly (N, N—diethylacrylamide) (PDEAAm) and hydrophilic polyacrylamide (PA-
Am) was studied by a combination of 'H NMR spectroscopy, swelling and DSC
experiments. We investigated the effect of network composition on the volume
phase transition of SIPNs and IPNs. Networks were prepared with a reversed
sequence of the two components, i.e., SIPNs of crosslinked PDEAAm and lin-
ear PAAm and inversely SIPNs of crosslinked PAAm and linear PDEAAm, and
both types of IPNs PDEAAm/PAAm and PAAm/PDEAAm. The behavior of
prepared networks was compared with aqueous solution of linear PDEAAm and
neat hydrogel of crosslinked PDEA Am.

This section is prepared from the results published in article 6. from the List
of publications. Text below use quotes or is inspired by this article.

8.1 Characterization and swelling ratios

The real molar ratios of components PDEAAm and PAAm in hydrogels of SIPNs
and IPNs were determined from integrated intensities of 'H NMR signals C and
D of the main chain CH protons of DEAAm and AAm units, respectively (cf.
Figs. and [8.2)). The molar ratio of respective monomer units established from
NMR spectra are shown in Table 8.1, The samples D sol and D in Table
denotes 5wt.% D20 solution of linear PDEAAm and the hydrogel of PDEAAm
network.

HoC

Figure 8.1: Structural formula of PDEAAm, and PAAm repeating monomer units
with marked groups from B to F.

61



300 K

310K “

320K

4 3 2 1
chemical shift (ppm)

Figure 8.2: 'H NMR spectra (500.1 MHz) of SIPN A /D 56/44 in D0 recorded at
300K, 310K, and 320 K at the same instrumental conditions. Peak assignments
are explained in the text and in Fig.

The equilibrium swelling ratio was determined at 300 K (below VPTT) after 3
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days as the ratio SR (mq—myg)/mg (as defined in section |4.3|eq. similarly as
for IPNs (Chapter[7)). The values are given in Table[8.2] It should be emphasized
that with the exception of IPNs A/D 20/80 and 30/70, all hydrogels of SIPNs
and IPNs show lower swelling ratios in comparison with hydrogel of the neat
PDEAAm. Relatively high swelling ratio observed for IPNs A/D is obviously a
consequence of preparation procedure used for these samples when hydrogel of
neat hydrophilic PAAm with high swelling ratio is prepared as the first component
and subsequently immersed into solution of DEAAm monomer.

sample sample composition
description description monomer ratio | molar ratio from
in the synthesis | 'H NMR spectra
PDEAm solution D sol 100/0 100/0
PDEAm hydrogel D 100/0 100/0
SIPN of crosslinked | SIPN D/A 77/23 80/20 77/23
PDEAAm and linear | SIPN D/A 64/36 70/30 64/36
PAAm SIPN D/A 60/40 60/40 60/40
SIPN of crosslinked | SIPN A/D 30/70 20/80 30/70
PAAm and linear SIPN A/D 32/68 30/70 32/68
PDEAAm SIPN A/D 43/57 60/40 43 /57
SIPN A/D 56/44 70/30 56/44
IPN of PDEAAm IPN D/A 89/11 70/30 89/11
(first component) IPN D/A 85/15 60/40 85/15
and PAAm IPN D/A 64/36 50/50 64/36
IPN of PAAm IPN A/D 15/85 20/80 15/85
(first component) IPN A/D 20/80 30/70 20/80
and PDEAAm IPN A/D 30/70 40/60 30/70

rel. error 3%

Table 8.1: Theoretical and experimental compositions of SIPN and IPN hydrogels
based on PDEAAm. The experimental compositions were determined from 'H
NMR spectra.

8.2 DSC

One rather broad endothermic transition was observed in all samples with PDE-
AAm as it illustrated in DSC thermograms obtained for PDEAAm hydrogel and
the set of samples SIPN D/A (Fig. . Such broad DSC peaks were pre-
viously detected for PDEAAm solutions [I12I] and we suppose that a significant
peak broadness (~10 K) is connected with chemical structure of the DEAAm side
chains as it was observed for all samples, even for solution of linear PDEAAm.

Table contains the onset and peak temperatures 7, and 7., and en-
thalpy AH of the transition as we obtained from DSC thermograms. Transition
temperature of PDEAAm solution (7,, = 306.5K) matches with the interval
of LCST values 304-307 K determined from turbidimetric and microcalorimetric
measurements of linear PDEAAm solutions [93, [94], 95].
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Figure 8.3: DSC thermograms of PDEAAm hydrogel (D) and hydrogels SIPNs
D/A with various composition.

samples swelling | T, | Tpeak AH AH

ratio K] K] [J/g of [kJ/mol of

dry PDEAAm

polymer | units in d.p.*

D sol - 306.5 | 314.3 29.6 3.76
D 24.77 302.9 | 312.4 41.2 5.24
SIPN D/A 77/23 16.3 304.6 | 311.7 26.9 4.44
SIPN D/A 64/36 19.1 307.2 | 315 21.8 4.33
SIPN D/A 60/40 21.7 308.8 | 315.2 18.6 3.94
SIPN A/D 30/70 10.4 305 | 310.7 26.1 4.75
SIPN A/D 32/68 16.3 306.2 | 313.4 24.2 4.52
SIPN A/D 43/57 14.6 307.3 | 316.2 20 4.47
SIPN A/D 56/44 14.1 309.1 | 317.7 15.1 4.36
IPN D/A 89/11 13.7 302.3 | 3104 27.7 3.95
IPN D/A 85/15 14.7 302.8 | 310.9 26.6 3.98
IPN D/A 64/36 14.2 305 | 3154 19.8 3.93
IPN A/D 15/85 17.7 303.6 | 313.3 22.9 3.43
IPN A/D 20/80 35.6 306.4 | 313.5 16.7 2.67
IPN A/D 20/70 33.3 309.7 | 316.8 5.9 1.07

rel. error 8% rel. error 5%

Table 8.2: Equilibrium swelling ratio at 300 K and parameters of the phase tran-
sition obtained from DSC measurements (see Fig. , where T,, is the onset
temperature, T}, is the peak temperature and AH is the enthalpy of the tran-
sition. (* dry polymer)

Neat PDEAAm hydrogel shows the transition temperature shifted to lower

64



value compared with PDEA Am solution. This effect was observed previously for
linear and crosslinked PDEAAm by NMR [122] and it could be attributed to the
restricted mobility of PDEAAm network segments due to crosslinking structure
in hydrogel.

The increasing content of hydrophilic PAAm component in SIPNs or IPNs
leads to higher critical temperatures of the transition. The dependences of critical
temperatures on composition of hydrogels will be discussed in detail together
with NMR results (section . The enthalpy values of the phase transition
AH were recalculated to the weight of dry sample (J/g of dry polymer) and to
PDEAAm monomer units (kJ/mol of PDEAAm units in dry polymer). SIPNs
and IPNs hydrogels show somewhat lower enthalpy values in comparison with
neat PDEAAm hydrogel and at the same time enthalpies slightly decrease with
increasing content of AAm units in the hydrogel. Significant lowering of enthalpy
values was detected for IPNs A/D 20/80 and 30/70, i.e., for samples which showed
significantly higher swelling ratio.

8.3 NMR

High-resolution 'H NMR spectra of SIPN A/D 56/44 detected under the same
instrumental conditions at three various temperatures are shown in Fig. [8.2
The assignment of resonances to various proton types (from Fig. in the
spectrum measured at 300K (i.e., below the VPTT of PDEAAm) is folowing —
the strong peak A corresponds to HDO, peaks B and F to CHy and CH3 groups
of PDEAAm, respectively. Main chain CH, group from both components have
signal E (means mixed signal G in chapter [7)). Signals C and D corresponds to
the backbone CH group of the PDEAAm and PAAm, respectively. The most
important effect observed in the NMR spectra measured at higher temperatures
is a marked decrease in the integrated intensity of all polymer signals. Evidently,
the mobility of most polymer units is significantly reduced to such an extent that
the corresponding signals are too broad to be detected in high resolution NMR
spectra in the same way as in the case of hydrogels based on PNIPAm (Chapter
D).

The temperature dependences of the p-fraction as measured for all polymer
signals in hydrogels of neat PDEAAm (D) (Fig. [8.4h), semi-interpenetrating net-
works SIPN A/D 56/44 (Fig. [8.4p) and D/A 64/36 (8.4d) and interpenetrating
network D/A 37/64 (Fig. B.4k) are depicted in Fig. [8.4] From Fig. it follows
that p-fraction of all groups in the neat PDEAAm hydrogel show virtually identi-
cal dependences on temperature and maximum value p,,, is equal 1 which means
that all PDEAAm units are involved in phase separated globular structures.

Figs. [8.4pb—d depict various temperature dependences of p-fraction for partic-
ular polymer signals in the main and side chain of SIPNs and IPNs. In the case of
SIPN A/D 56/44 (Fig. [8.4b), maximum values py,q, approach 0.67 and 0.57 for
the PDEAAm side diethyl group CHy and CHj (signals B and F) and PDEAAm
main chain group CH, respectively. Signal E corresponding to the main chain
groups CHsy in both PDEAAmM and PAAm gives p,,.. values only 0.23. The both
main chain groups CH and CH, show rather more gradual increase of p-fraction
with temperature. Signal D of PAAm CH group practically does not change
with temperature which implies that virtually all AAm units show high mobil-
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ity even at elevated temperatures. Similar dependences as shown in Fig.
were obtained for all SIPN A /D samples as well as for all IPN hydrogels as it is
demonstrated for IPN D/A 37/64 in Fig. [8.4c.
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Figure 8.4: Temperature dependences of the p-fraction as determined from various
PDEAAm and PAAm NMR signals for D (a), SIPN A/D 56/44 (b), IPN D/A
37/64 (c) and SIPN D/A 64/36 (d).

Evidently, the hydrophilic AAm units do not participate in collapse transition
and moreover, they prevent DEAAm units to pack into globular structures and
this results in smaller values of the p-fraction of PDEA Am proton groups. In this
respect similar behavior was previously found for IPNs of PNIPAm and PAAm
in chapter [7] Fig. depicts temperature dependences of p-fraction typical for
semi-interpenetrating networks SIPNs D/A. PDEAAm signals show py,.. values
lower than 1 as a result of the presence of AAm component in SIPN hydrogel.
In contrast to SIPNs A/D, here PAAm signals decrease in their intensities and
corresponding temperature dependences of p-fraction show rather gradual two-
step character with value of p,,., &~ 0.39 in the case of PAAm CH protons (signal
D) and ppee =~ 0.62 in the case of mixed PAAm and PDEAAm CH, band.
Obviously, shrinking of crosslinked PDEAAm chains in SIPNs D/A leads to the
partial collapse of linear PAAm chains, but this process is slower than the initial
process when PDEAAm chains are shrinked. This can indicate that in collapsed
SIPN D/A hydrogels PAAm chains form small regions which are inside large
regions (aggregates) preferably formed by chains of crosslinked PDEAAm.
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Figure 8.5: Temperature dependences of the p-fraction in hydrogels SIPN A/D
(a) and IPN A/D (b) with various composition.
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Figure 8.6: Dependences of maximum value p,,,, (a) and the critical temperatures
Tnar (b) on composition of SIPN and IPN hydrogels.

Fig. [8.5illustrates the temperature dependences of the p-fraction determined
from the integrated intensities of the methyl signal of PDEAAm (signal F) in
PAAm/PDEAAm SIPN and IPN hydrogels with various compositions. The re-
sults are reasonably in accord with DSC results and transition temperatures deter-
mined by NMR, Ty r (temperature in the middle of the transition corresponding
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t0 Pmaz/2) agree rather well with 7)., values determined by DSC (cf. Table .
Increasing content of PAAm component shifts VPTT to higher temperatures and
maximum values of the p-fraction p,,., are lower.

For all studied hydrogels, maximum values p,,., and critical temperatures
Tnymr were extracted from temperature dependences of the p-fractions, deter-
mined from PDEAAm methyl signal. Dependences of p,,., and Tyyr on the
composition of SIPN and IPN hydrogels are depicted in Fig.

300K

330K

55 5.0 45 40
chemical shift (ppm)

Figure 8.7: HDO signals in 'H NMR spectra of SIPN D/A 64/36 hydrogel in
D50 measured at 300K (a), 311 K (b) and 330K (c).

It follows from Fig. that the maximum value p,,,, of the neat PDEAAm
hydrogel has reached almost 1 but it significantly decreases with increasing AAm
content in SIPNs and IPNs. SIPN hydrogels show always higher values of py,qz
than those of IPN hydrogels, which could indicate that in interpenetrating net-
works, where both components are crosslinked, more DEAAm units remain suffi-
ciently mobile above the transition as crosslinked structure hinders them to pack
tightly into collapsed phase. Critical temperature Thsg is proportional almost
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linearly to the content of DEAAm units in STPNs and IPNs (Fig. [8.6b). Such
linear dependence of critical transition temperature on the composition was al-
ready observed in systems of linear random copolymers [111] 123], 124] and IPN
hydrogels based on chemically modified poly(vinyl alcohol) and PNIPAm [125].
Surprisingly, all Txr values except critical temperatures corresponding to IPN
A/D fit well to one linear dependence regardless of the preparation procedure.
Much steeper dependence T vs. composition as detected for hydrogels of
IPNs A/D could be eidently attributed to the substantially higher swelling ratios
of these samples (Table[8.2). It was shown that the VPTT of polymer hydrogels
having the same swelling ratio is equal, indicating that the VPTT is determined
by the overall hydrophilicity of the polymer [123]. Presence of PAAm network
prepared as the first component of IPNs A /D thus leads to higher hydrophilicity
of hydrogel and tends to increase the value of the VPTT and to reduce enthalpies
as detected by DSC.

Fig. shows a part of 'H NMR spectrum with signals of water (HDO) for
SIPN D/A 64/36 at room temperature and at two elevated temperatures. From
this figure it follows that a new signal of HDO with a smaller chemical shift of
~0.03-0.09 ppm in comparison with the main HDO peak was detected at higher
temperatures. This new HDO signal which appears in spectra of all the investi-
gated SIPN and IPN hydrogels but only in the transition region and at tempera-
tures above the phase transition evidently corresponds to water molecules bound
in globular structures of the collapsed hydrogel. From the condition 1/7 < Av,
where 7 is the residence time and Av is the difference of the respective chemical
shifts in Hz, it follows that for the residence time of "bound" HDO molecules it
holds 1/7 > 20 ms. Substantial differences between "bound" and "free" water were
found from measurements of spin—spin relaxation time 75 of HDO molecules. So
in the collapsed hydrogel of SIPN D/A 64/36, T, value 0.024 s detected at 330 K
for "bound" (confined) water was two orders of magnitude smaller in comparison
with 75 value 2.32s of "free" water molecules.

It is clearly visible in Fig. that during heating process, the intensity of the
"bound" water signal is decreasing; fraction of "bound" water at 311 K and 330 K
is 0.42 and 0.19, respectively. We attribute this effect to releasing of "bound" wa-
ter from collapsed structures and besides increasing temperature this process is
affected significantly by time as we found for IPN hydrogels PNIPAm/PAAm and
PVCL/PNIPAm in chapter . Interestingly enough, it follows from Figs. and
that the difference of chemical shifts between signals of the "free" and "bound'
water increases with increasing temperature and this dependence has asymptotic
behavior. Such observation was for the first time reported for methanol signals
in microgels of NIPAm and DEAAm [I1§] and indicates changes in the polymer
structure of the collapsed hydrogel which surrounds the restricted solvent (water)
molecules. When hydrogel network begins to shrink, a part of water is entrapped
into collapsed structures and its nearest environment is then different from bulk
water. During subsequent heating, continuous shrinking is accompanied with
releasing of the "bound" water and this leads to increasing difference in the en-
vironment surrounding restricted water molecules which remain in the collapsed
globular structures. Consequently, chemical shift difference between signals of
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the "free" water and "bound" water is increasing.
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Figure 8.8: Temperature dependence of chemical shift difference between signals
of the "free" and "bound" water measured for SIPN D/A 64/36 hydrogel.
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Conclusion

Several types of thermoresponsive polymer systems — aqueous solutions of lin-
ear polymer and hydrogels of semi- and fully interpenetrating networks based on
various thermoresponsive and hydrophilic polymers — were investigated in this
thesis. The conclusions are as follows:

PVME /water solutions

The phase separation in aqueous solutions of PVME was examined NMR, DSC
and OM methods. OM and DSC results showed that for polymer concentrations
30 — 50wt.% the phase separation has non-reversible character, particularly as a
consequence of different dynamical and structural changes during formation and
dissolving of mesoglobules. NMR data were used to construct van’t Hoff plots
and changes of the enthalpy and entropy characterizing the phase transition were
determined. As it follows from comparison of NMR and DSC thermodynamical
parameters, for solutions with ¢ = 1 — 30wt.%, the size of the cooperative units
(domains) undergoing the transition corresponds to the whole polymer chain; for
higher polymer concentrations the size of domain decreases.

PVME /water solutions with additives
Temperature-induced phase separation of PVME /water solutions in the presence
of small additives was investigated by NMR, DSC and OM methods. The dynam-
ics during the phase transition as well as interactions between the water and the
polymer are significantly influenced by the chemical structure of small additive
molecules. The influence of the additive presence on the size of the cooperative
units was found out.

Hydrophobic additives like TBME and TBMK more strongly affect polymer
transition than additives with hydrophilic character — TBOH and TBAm. Hy-
drophilic additives act with a slight stabilizing effect of hydrogen bonding. It
was manifested by the shift of the transition region towards higher temperatures
in PVME solution and by a decrease of the fraction of PVME monomer units
involved in globular structures. On the other hand, the effect of hydrophobic
additives is much stronger with significant shift of the transition temperatures to
lower values.

From comparison of thermodynamical parameters as obtained from NMR and
DSC, the size of the cooperative units undergoing the transition as a whole was
determined. Cooperative domains in PVME/TBOH and PVME/TBMK solu-
tions are about twice smaller in comparison with those formed in other solutions
and this is macroscopically manifested in smaller polymer aggregations. NMR
relaxation experiments confirmed that a certain portion of water and additive
molecules remained bound in PVME globules in the solutions with TBOH and
TBMK. The incorporation of water and additive molecules into the globules thus
leads to reduced cooperativity of the transition and influences the size of polymer
aggregations formed above LCST.

IPNs of PNIPAm and PAAm
The temperature-induced phase transition in hydrogels of IPNs with various
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compositions of PNIPAm/PAAm and PAAm/PNIPAm was detected by NMR
spectroscopy, swelling and DSC methods. The increasing content of hydrophilic
PAAm component in IPNs shifts the transition toward higher temperatures and
the fraction p,,., of polymer units with significantly reduced mobility detected
by NMR, as well as the enthalpy change, are reduced. No phase transition was
detected for IPN hydrogels containing at least 40mol.% of PAAm units.

Different order of components during IPNs preparation significantly affects the
parameters of their transition. IPN PAAm/PNIPAm 42/58 shows substantially
reduced enthalpy values in comparison with IPNs PNIPAm/PAAm prepared in
a reversed order.

For all collapsed hydrogels of PNIPAm/PAAm and of the neat PNIPAm,
measurements of the 'H NMR spectra and spin-spin relaxation times 75 revealed
certain portion of water (HDO) bound in globular structures, while no bound
water was detected for PAAm/PNIPAm hydrogel. Bound water could be dis-
tinguished even already at temperatures when polymer segments begin to form
collapsed structures. Spin-spin relaxation times 75 for "bound" HDO were up to
one order of magnitude smaller in comparison with "free" HDO which was ex-
cluded from collapsed hydrogel structures. Slow exchange regime between free
water and bound water was shown in most cases and the residence time of bound
HDO was 7 > 70ms. With time, water molecules bound in collapsed structures
are released within tens of hours.

IPNs of PVCL/PNIPAm

The phase transition of IPNs PVCL/PNIPAm where both components are ther-
moresponsive was studied. Transition temperatures of PVCL and PNIPAm differ
by ~ 2K and both transitions were found out by NMR, but only a single one was
detected by DSC. We assume that both transitions can merge in one DSC peak
in connection with fast heat flow and such a small difference in the transition
temperatures of neat components. Such behavior resembles the LCST behavior
typical for mixtures of two thermoresponsive homopolymers.

IPNs and SIPNs of PDEAAmM and PAAm
In this part we applied NMR spectroscopy, DSC and swelling techniques to de-
scribe temperature-induced phase transition in hydrogels of PDEAAm and PAAm
with interpenetrating and semi-interpenetrating architecture, reverse sequence in
the preparation and various hydrogel compositions. The increasing content of
hydrophilic PAAm component in SIPNs and IPNs shifts the transition linearly
toward higher temperatures but at the same time the value of VPTT is signifi-
cantly influenced by swelling ratio of hydrogels. Exceptional behavior was found
for IPNs where hydrophilic PAAm network was prepared as the first component.
These networks showed in comparison with other hydrogels consequently higher
transition temperatures and lower enthalpy values with higher swelling ratio.

NMR fraction pp,q, of polymer units with significantly reduced mobility in IPN
hydrogels is lower in comparison with SIPNs. Further it was shown that individ-
ual polymer groups participate in the collapse to various extent in dependence
on the type of hydrogel preparation. AAm units do not participate in collapse
transition in SIPN A/D and all IPN hydrogels and they prevent DEAAm units
to pack into globular structures; this leads to smaller values of the p-fraction of
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PDEAAm protons. On the other hand, in SIPNs D/A hydrogels, linear PAAm
chains partially participate in collapse as a consequence of shrinking of crosslinked
PDEAAm chains.

All STPNs and IPNs hydrogels also report a certain portion of water (HDO)
bound in globular structures from measurements of "H NMR spectra with a slow
exchange regime residence time 7 > 20ms. Releasing of the water molecules
from the collapsed structures during subsequent heating leads to more different
environment surrounding the rest of restricted water molecules which remain in
the collapsed structures.
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