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Study programme: Physics

Specialization: 4F4: Biophysics, chemical and
macromolecular physics

Prague 2015



Acknowledgement

I would like to thank to my supervisor doc. RNDr. Lenka Hanyková, Dr.
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Katedra: Katedra makromolekulárńı fyziky, Matematicko-fyzikálńı fakulta, Uni-
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Abstrakt: Pomoćı 1H NMR spektroskopie, diferenciálńı skenovaćı kalorimetrie
(DSC), dynamického mechanického měřeńı a optického mikroskopu byla stu-
dována fázová separace v následuj́ıćıch systémech: i) ve vodném roztoku kopoly-
meru poly(N -isopropylmetakrylamidu-co-akrylamidu) (P(NIPMAm/AAm)) a v
interpenetruj́ıćıch śıt́ıch ii) poly(N -isopropylmetakrylamidu)/poly(N -isopropyl-
akrylamidu) (PNIPMAm/PNIPAm) a iii) poly(vinylkaprolaktamu)/poly(N -isopro-
pylakrylamidu) (PVCL/PNIPAm). Ve všech systémech byla studována závislost
fázového přechodu na poměru složek. U kopolymer̊u i) vykazovala NMR i DSC
data závislost na množstv́ı akrylamidu v kopolymeru. Z NMR dat byl zkoun-
struován van’t Hoff̊uv graf a tak vypoč́ıtány změny entalpie ∆H a entropie
∆S, charakterizuj́ıćı fázovou přeměnu. Z porovnáńı NMR a DSC termodynam-
ických parametr̊u (∆H) byla určena velikost domén, která se zmenšuje s ros-
toućım pod́ılem AAm v kopolymeru. U všech metod v systému ii) zač́ıná fázový
přechod při 307 K, což je teplota objemové fázové separace PNIPAm, majoritńı
složky śıtě. Obecně vzorky s větš́ım pod́ılem PNIPAm měly v NMR i DSC je-
den fázový přechod, což ukazuje na větš́ı vzájemné propleteńı obou složek. Ve
všech vzorćıch po fázovém přechodu vzrostly obě složky smykového modulu. U
interpenetruj́ıćıch śıt́ı iii) PVCL/PNIPAm obsahuj́ıćıch méně než 50 mol% PNI-
PAm monomerńıch jednotek byl v DSC detekován jen jeden endotermńı ṕık, ale
pomoćı NMR byla naměřena a vysvětlena složitěǰśı závislost.

Kĺıčová slova: fázový přechod, polymerńı roztok, interpenetruj́ıćı śı̌t, 1H NMR
spektroskopie, DSC
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Department: Charles University in Prague, Faculty of Mathematics and Physics,
Department of Macromolecular Physics

Supervisor: doc. RNDr. Lenka Hanyková, Dr., Charles University in Prague,
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1. Introduction

In the last years polymer networks swollen in water, so called smart gels, have
been often studied because of many attractive properties. They exhibit a step
change in volume and other physical parameters with a small change of exter-
nal parameters like temperature, composition of the solvent, pH, and others.
This behaviour is a first-order phase transition. Due to stimuli–responsive prop-
erties of smart hydrogels, several potential applications in drug delivery sys-
tems, bioseparation, artifical muscles, microfluidics, tissue engineering and mi-
cro/nanoactuators, etc., were suggested. The phenomenon 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. Below this
temperature they are fully dissolved in the solution, but above the critical tem-
perature they become insoluble, their conformation changes to a globular one and
water molecules are released from collapsed structures.

The phase transition in polymer solutions, but also in hydrogels, can be
studied with Nuclear Magnetic Resonance (NMR) spectroscopy, which allows
to investigate the polymer-polymer interaction, polymer-solvent, and dynamic of
polymer segments and molecules of solvent during the phase transition. This
method is also useful for determination of the copolymers or IPN compositions.
Macroscopic detection of the phase transition can be carried out using differential
scanning calorimentry (DSC), swelling experiments, dynamical mechanical anal-
ysis (DMA) and diffusion light scattering (DLS). DSC allows determination of
transition temperatures and enthalpies and moreover in combination with ther-
modynamic parameters as obtained from NMR analysis, the knowledge about
cooperativity character of the phase transition could be investigated. Changes in
mechanical properties of crosslinked hydrogels can be recorded by DMA exper-
iments mainly as temperature or frequency dependence of complex mechanical
modulus. Kinetics of hydrogels swelling is possible to investigate by the volume
(diameter of samples) and weight measurements. DLS gives distribution of the
sizes of globules of collapsed polymer solution and viscosimetry change of the
viscosity.

This thesis deals with phase separation of random copolymers poly(N -isopropyl-
methacrylamide)/poly(acrylamide) P(NIPMAm/AAm) in water and of the phase
transition of interpenetrating networks (IPN) poly(N -isopropylmethacrylamide)/-
poly(N -isopropylacrylamide) (PNIPMAm/PNIPAAm) and poly(vinylcaprolac-
tam)/poly(N -isopropylacrylamide) (PVCL/PNIPAAm) swollen in water. The
aim of our work is to characterize influence of the copolymers or IPNs compo-
sition on the parameters of their phase transition and physical properties. This
study can improve the understanding of the phase transition on molecular level
which can be useful in designing materials with specific properties for applica-
tions.

In the theoretical part of this thesis (Chapter 2) basics of the used experi-
mental method and of the phase transition phenomenon in polymer systems are
described. In the following chapter (Chapter 3) overview of publications on stud-
ied polymer solutions and hydrogels can be found. The aims of this thesis are
formulated in Chapter 4. In the Chapter 5 detailed methods of processing the
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experimental results are described. In the Experimental part (Chapter 6) the
samples preparation and settings of experiments that we used is noted. Results
and discussion are divided in three chapters, depending on the studied samples
– in Chapter 7 copolymers P(NIPMAm/AAm) in water are studied, Chapter 8
deals with IPN PNIPMAm/PNIPAAm and Chapter 9 describes results and dis-
cussion of IPN PVCL/PNIPAAm. 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 on various conferences.
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2. Theory

2.1 Polymers and hydrogels

2.1.1 Polymers

Polymers are molecules which form long chains. They are composed of many
structural units, monomers. (Synthetic polymers contain 102 to 106 monomers,
DNA is longer, between 109 to 1010 monomer units.) Polymers are not very
mobile, but they have high flexibility. They can be divided into several groups:� Linear – monomer units form one not–branching chain, that means they

have only twobinded monomers, see Fig. 2.1a.� Ring blocks – linear polymers connected to a ring, see Fig. 2.1b.� Branching - polymer chain has branch points that connect three or more
chain segments, see Fig. 2.1c.� Polymer networks – branching polymers form one molecule. Unlike branch-
ing polymers they are not soluble in water but they swell there, see Fig.
2.1d.� Polymer gels – they are polymer networks with solvent. They also form one
molecule but this molecule is much bigger than the of the polymer networks,
Fig. 2.1e

e)a) b) c) d)

Figure 2.1: Types of polymers: a) linear, b) cyclic, c) branching, d) polymer
network, e) polymer gel. Copied from [42].

If a polymer molecule contains more types of monomer units, we call it copoly-
mer. First copolymers were synthetized around 1920 when the replacement for
the natural rubber was sought for. There are more ways how to bind two types of
monomers. If the monomer units alternate randomly, we call it random copoly-
mer, see Figure 2.2. This type of copolymer is most common because it is the
easiest to synthetize it. Further, we know block copolymers, where block of differ-
ent monomers are bound and alternating copolymers, where different monomers
alternate. The two types of monomers do not need to form a linear copolymer,
but they can be grafted or form a comb, see Figure 2.2.

5



Figure 2.2: Various copolymer architectures. Copied from [49].

2.1.2 Hydrogels

Hydrogels are polymer networks which swell in water and other solutions. They
have many properties practical for applications, for example higher chemical and
thermal conductance, reversible deformation for high magnitudes of deformation,
and others.

Hydrogels, after immersing in water, swell. They are able to increase their
volume from about one hundred up to thousand times. The swelling ratio, i.e.
how much water is the hydrogel able to absorb, depends on� The chemical structure and crosslinking density of gel network.� Interaction of the polymer with the solvent (in some solvents the gel swells

well, in other it do not swell at all).� Noncovalent interactions (electrostatical, hydrophobic, hydrogen bridges,
etc.).� External factors as temperature, pH, intensity of electrical field...

If a small change of external parameters leads to a rapid change of the hydrogel
volume we speak about a phase transition of the first type, so called collapse
[81]. During this phase transition not only volume but also index of refraction,
conductivity, complex permitivity, mechanical parameters and other macroscopic
properties change.

2.1.3 Phase transition in polymer solutions

It is now well established that acrylamide (AAm)–based hydrogels and hydrogels
of some other polymers undergo a volume phase transition (collapse) induced
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by a small change in external parameters like solvent composition, temperature,
pH etc. [18]. This phenomenon was experimentally discovered for polyacry-
lamide (PAAm) gels (collapse induced by a change in solvent composition) al-
most 30 years ago [80]. At the collapse, the gel volume can decrease 10–1000
times. Collapse was usually interpreted as the first–order phase transition [38],
but there are also studies claiming that this is rather the second–order transition
[33]. It is also well known that AAm–based polymers and other polymers with
amphiphilic character in aqueous solutions exhibit a lower critical solution tem-
perature (LCST). They are soluble at low temperatures, but heating above the
LCST results in phase separation which is especially at polymer concentrations
c ≥ 1 wt% macroscopically manifested by milk–white turbidity of the solution
[7, 63]. On the molecular level, both phase separation in solutions and simi-
lar volume phase transition (collapse) in crosslinked hydrogels are assumed to
be a macroscopic manifestation of a coil–globule transition, as was shown for
poly(N -isopropylacrylamide) (PIPAAm) in water, e.g., by light scattering [7, 23],
followed by further aggregation and formation of colloidally stable mesoglobules
defined as equally sized multichain aggregates containing more than one and less
than all polymer chains [6]. The phase transition is probably associated with the
changed balance between various types of interactions, mainly hydrogen bonds
and hydrophobic interactions [7].

Phase transition in polymer solutions can be clearly explained on system con-
sisting of two liquids, A and B, which are miscible only at some concentrations
and temperatures, see Figure 2.3.

Figure 2.3: T −x phase diagram of polymer showing LCST [43] and T − c phase
diagram of polymer dissolved in water/acetone mixture showing LCST.

If at temperature T ∗ is the molar fraction of liquid B smaller than xB1
, B

is dissolved in liquid A. On the other hand, if the molar fraction of B increases
over the value of xB2

, A is dissolved in B. Between these two limitting concentra-
tions the liquids are not miscible and two phases exist. Similar behaviour occurs
also with the dependence on temperature. Under the temperature TLC liquids
are miscible, above it they are not. The temperature TLC is called Lower Critical
Solution Temperature (LCST). If the liquids are miscible only above specific tem-
perature, we speak about Upper Critical Solution Temperature (UCST). Some
polymer solutions show LCST and/or UCST behaviour.
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Below LCST, polymer is fully dissolved and freely moves in the solution,
wrapped with water envelope, see Figure 2.4a. Hydrophilic bonds polymer–
solvent (hydrogen bonding) predominate. This solution is transparent. In high
resolution NMR spectrum we observe narrow polymer peaks (in the range of tens
Hz), because the polymer chains are mobile. This state is called a coil.

a) b)

Figure 2.4: Phase transition of polymer from coil a) to a collapsed state glob-
ule b). The spectra are from high resolution NMR spectroscopy. In the pho-
tographs of NMR tubes the turbidity of polymer solution is seen. The schematic
sketches above the spectra show that below LCST the polymer chains (black
lines) are mobile and in contact with water molecules (blue rings), whereas above
LCST water is released from the polymer.

At the increase of temperature above LCST the hydrogen bonds get suddenly
weaker, the hydrophobic interactions polymer-polymer prevail, polymer chains
interact with each other and water envelope is broken. As follows, the polymer
chains pack into compact globules, see Figure 2.4b, and solvent molecules are
released from them. In this way the mobility of polymer chains decreases and
their peaks in NMR spectrum become broader (in the range of hundreds Hz) and
thus the peaks are not detecable in the high resolution NMR spectrum any more.
This phase separated polymer solution is turbid. Each globule consists of one
or several polymer chains depending on polymer concentration of solution. The
individual globules are separated and do not coagulate into macroscopic phase
separation, so they create a stable coloid system.

The solubility of a polymer with LCST in solvent mixture depends on the
concentration of the polymer as well as on the miscibility of two liquids in the
solvent mixture. The dependence of LCST on the composition of the solvent
is important, see Figure 2.3 right. In this specific case is the polymer soluble
in pure water up to 320 K. For higher temperatures phase transition occurs. If
the content of aceton in aceton/water mixture increases, LCST decreases until it
reaches a minimum. For high concentrations of acetone the polymer is soluble in
this solvent at all temperatures.

For the characterization of phase transition in mixed solutions we distinguish
three types of polymers [7]:

1. Polymer showing classical Flory-Huggins behaviour. LCST shifts with
increasing molar mass to lower polymer concentrations. An example is
poly(vinylcaprolactam) (PVCL).
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2. LCST does not depend on the length of the polymer chain has no influence
on the place of minimum in the phase diagram. An example is poly(N -iso-
propylacrylamide) (PNIPAAm).

3. The third type are bimodal polymers, which have two critical minima for
high and low concentration of the polymer, one of them corresponds to the
type 1 and the second to the type 2. An example is poly(vinyl methyl ether)
(PVME).

The phase transition in polymer solution is analogous to volume phase tran-
sition phenomenon in crosslinked hydrogels. Similarly to LCST behaviour, at
temperatures below volume phase transition temperature (VPTT), hydrogels ab-
sorb water to reach the swollen state and when the temperature increases above
VPTT, hydrogels release their water and shrink. If the temperature is increased
even more, the volume of the gels does not change and the hydrogels stay in
collapsed state.

2.1.4 Applications of hydrogels and temperature sensitive

polymers

Almost everybody knows the contact lenses or the cure ability of the gel blis-
ter plaster. Burned people also know that hydrogel plates can soften big scars.
But temperature sensitive hydrogels and polymers have many other applications.
They are able to interactively change their volumes and they are inert to living
tissues, so they can be used in biotechnology and medicine.

The ability to quickly change expanded and collapsed state can be used in
artifical muscles working on the principle of collapse [27]. The change of viscosity
of hydrogel, caused by small change of temperature, can be used in eye drops –
after the heating on the human body temperature the gel gets more viscous and
it does not flow out of the eye so easilly. The same principle can be also used for
fixing of ankles on inlines – the originally liquid gel in the ankle area gets solid
after the contact with the warm leg and it fixes the leg while it does not pinch.

Collapse induced by a small change of pH can be used for controlled drug
release, for example for the releasing of insulin by diabetes. Gel swollen in insulin
is put into the body and if the blood pH of blood decreases, insulin is released. The
controlled drug release can be used for chemotherapy, medicaments supressing
immunity, antibiotics, hormons, gene therapy, and others [84, 32, 16].

The drug targeting can also work onanother principle, if it works with ther-
mally responsible polymers and local hyperthermia. This method is good for
drug targeting to solid tumors. The drug is bound to thermally sensitive poly-
mer, which is at 37 oC soluble in water. This polymer goes through veins, until
it reaches the place of tumor, which is externally heated from more places, so
that temperature around 42 oC is only there. Here, the polymer collapses, gets
unsoluble and so stays at the tumor place. After that, drug can be released from
the polymer and the drug is only in the desired place [53]. The drug can be also
encapsulated into micelles formed from block polymers, where the core of the
micelles are hydrophobic and the outer parts are temperature sensitive and so
hydrophilic at body temperature, like PNIPAm [87, 12]. At body temperature
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these micelles are stable, but after heating above their LCST they are decompose
and the drug goes out.

Another hydrogel application is thickening of highly diluted solutions. If we
immerse there a small piece of hydrogel, the hydrogel swells rapidly with the
solute molecules. After that, we can dry the swollen hydrogel and use it repeat-
edly, until we obtain the desired concentration of solution. If we use temerature
sensitive hydrogel, after swelling we can heat it above its VPTT, the hydrogel
undergoes the collapse and therefore no time-consuming drying is needed [63].
Porous hydrogels could be also used as temperature sensitive filters, if we graft
temperature sensitive polymers on the surface of the pores [7]. The same princi-
ple can be used in application of hydrogels in flow control [5]. Here, membrane
consisting of small temperature sensitive hydrogel particles is porous at high tem-
peratures but after decrease of the temperature the hydrogel particles swell and
makes the membrane waterproof. The advantage of such a ventil is that it can
control the flow of water through it depending on the water temperature without
any external energy.

Swelling is also used in toy industry. We can buy a small toys, which swell
reversibly to multiple of their initial size after immersing in water.

Besides above are mentioned practical applications of hydrogels and phase
sensitive polymers, these systems are also interesting from the academic point
of view because of the analogy with LCST behaviour of elastin-like polypeptides
[66] and similarity between phase separation of synthetic polymers and thermal
denaturation of proteins [60].
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2.2 Experimental methods

2.2.1 NMR spectroscopy

Basic principles of NMR spectroscopy

In the following text we will follow the classical (non quantum) description [28].
Nuclear magnetic resonance (NMR) is the absorption spectroscopy, where absorp-
tion of radiofrequency radiation by atom nuclei in molecules is detected. NMR is
used to study the behaviour of non-zero nuclus spin, most frequently of hydrogen
1H and carbon 13C spins. Both nuclei have the spin I = 1/2 and in the magnetic
field two energetic levels, characterized with the magnetic spin quantum numbers
mI = −1/2 or 1/2. The energetic difference between energetic levels is

∆E = ~γB0, (2.1)

where γ is the gyromagnetic ratio specific for the nuclei, B0 strength of magnetic
field, and ~ Planck constant divided by 2π. Ratio of the populations of two
energetic levels α, β is dependent on the difference of energies of two energetic
levels and is given by the Boltzmann distribution

Nβ

Nα

= e
−

∆E

kT , (2.2)

where T is the absolute temperature and k the Boltzmann constant.
Nuclear spins are organized chaotically in the ground state, ∆E = 0. If we

put the spins in constant magnetic field B0, they will be organized in parallel
with the direction of the field into two energetic levels. The spins oriented in
the same direction as the external magnetic field will have lower energy than the
less populated spins oriented oppositely to B0. However, the difference of the
populations will be very small; for example for 1H with B0 = 9.5 T it will be
Nα

Nβ

= 1.000064 [37].

NMR becomes more sensitive with the increasing difference between the en-
ergetic levels, see equation (2.1). The energetic difference is proportional to the
size of magnetic field B0 and the gyromagnetic ratio of the nuclei γ. Since the
isotope 1H with γ1H = 2.68 × 108 (Ts)−1 represents 99.98 % of the natural hy-
drogen and isotope 13C only 1.11 % of natural carbon with gyromagnetic ratio
γ13C = 0.67 × 108 (Ts)−1, the hydrogen nucleus 1H is 63× more sensitive than
carbon nucleus 13C [28, 10].

The spin system can be classically (non quantum) described with the vector of
total magnetization M . Practically, we measure projection of the magnetization
M on the plane xy, perpendicular to B0 ‖ z axis. M is the sum of magnetic
moments of individual spins. In the equilibrium, the vector of magnetization is
parallel with the external magnetic field B0 and has the size of M0, see Fig. 2.5a.
We have to disrupt the system with pulse of radiofrequency field Brf (Brf ⊥ B0)
in order to put the system out of the equilibrium. In this way the populations
of α, β state are changed as well as the direction of magnetization M and the
energy of the system, see Fig. 2.5b. The vector of magnetization, on which the
external magnetic field B0 is still acting on, will make the Larmor precession
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around the axis z with the same frequency as is the frequency of the referential
magnetic field Brf . The frequency has to fulfill the resonance condition

ω0 = γB0, (2.3)

in order to excite the system. The deflection of the magnetization from the direc-
tion of z axis enhances its projection onto the xy plane. When the magnetization
goes back (relax) into the z direction, it will produce an oscillating flow in the
coil of the receiver (‖ x), which we measure. The radiofrequency pulse is char-
acterized with phase and flip angle. The phase defines around which axis the
magnetization rotates (x, −x, y, −y), see Fig. 2.5c. The flip angle α of vector
M is measured from the z axis and is dependent on the length of the pulse.

Figure 2.5: Orientation of the magnetization M in the space: a) The equilibrium
state, magnetization and magnetic induction B0 are in the z direction; b) The
magnetization in the y direction after the 90° pulse with phase −x; c) The ap-
plication of a radiofrequency pulse with phase −x, which flips the magnetization
with angle α from the z axis. The magnetization is precessing around the z axis
with the frequency ω0.

For one spin system, exponentially decaying cosinus signal in the receiving coil
is detected, see Fig. 2.6a. In a real sample more spin systems with more frequen-
cies are involved in Free Induction Decay (FID), Fig. 2.6b. The NMR spectrum
in the frequency domain is calculated from the FID using Fourier transformation,
see Fig. 2.6c.

Bloch equations

Bloch equations describe the behaviour of magnetization M (thus the behaviour
of nuclear spins) in a magnetic field acting upon radiofrequency field. They were
derived in 1946 by Felix Bloch as an analogy to the motion equation for flywheel
by addition of spin–lattice and spin–spin interactions [20, 8, 28]:

dMx(t)

dt
= γ (M(t) × B(t))x −

Mx(t)

T2

,

dMy(t)

dt
= γ (M(t) × B(t))y −

My(t)

T2

, (2.4)

dMz(t)

dt
= γ (M(t) × B(t))z −

Mz(t) − M0

T1

,
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Figure 2.6: a) FID – the dependency of the intensity I on time t for one spin sys-
tem; b) FID signal of real sample (for poly(N -isopropylmethacrylamide) (PNIP-
MAm) in HDO, T=299K); c) radiofrequency spectrum gained with Fourier trans-
formation of the FID (for PNIPMAm in HDO, T=299 K).

where Mx, My, Mz are the components of M , M0 is the equilibrium value of
Mz, T1 is longitudinal (spin–lattice) relaxation time describing the relaxation of
Mz, T2 is the transverse (spin–spin) relaxation time describing the relaxation of
Mx and My. B is the total magnetic induction acting upon the spins, which
equals to the sum of vector of external magnetic field B0 in the z direction
and radiofrequency circulately polarized magnetic field Brf , that means B =
B0 + Brf = (Brfx

, Brfy
, B0).

The equations (2.4) are in the laboratory coordinate system. Here, Brf is
rotating with frequency ω0 = γB0 in the plane xy. Therefore, it is better to
operate with the rotating frame, which is tightly bound with Brf . Brf is constant
in time in this coordinate system.

In the experiment, we measure the magnetization in the xy plane. This mag-
netization can be decomposed into two parts:

1. magnetization in phase with the radiofrequency field Brf , described with
the disperse Lorentz curve, see Fig. 2.7a

2. magnetization part with phase shifted by 90° with recpect to Brf , described
with absorption Lorentz curve, see Fig. 2.7b

The curves have either inflexion point or maximum at frequency the ω0. The half-
width of the absorption curve is influenced by the width of the spectral curve and
by the widening of the curve, caused by the non-homogeneity of B0.

Chemical shift and intensity of signal in a spectrum

Chemical shift is the shift of the resonance frequency influenced by the molecule
structure. It gives rise to the position of signal in the spectrum. It can be caused
by the electron structure of the nuclei surroundings, by electrons of atoms or
by the way how the nucleus is built in the molecule. The nuclei with higher
atomic number have higher chemical shift, because more electrons cause stronger
shielding. (The chemical shift for 1H is 10 – 0 ppm, for 13C it is 220 – 0 ppm.
Units of ppm will be introduced later.)

In the first approximation, the atomic electron cloud of nuclei in the molecule
will be polarized after putting a molecule into the external magnetic field. In this

13



b)a)

Figure 2.7: The shapes of detected signals in a spectrum: a) Disperse Lorentz
curve for the magnetization in phase with radiofrekvency field; b) Absorption
Lorentz curve for magnetization phase shifted by 90° toward radiofrequency field.
Copied from [28].

way the magnetic moment will arise. According to the Lenz law this magnetic
moment will act against the external field, which creates the shielding. The local
field around the nucleus Blocal will be changed by σB0, where σ is the chemical
shift (shielding constant);

Blocal = (1 − σ)B0. (2.5)

The resonance frequency of shielded nuclei will be changed as

ω = γ(1 − σ)B0. (2.6)

Above mentioned description is valid for liquids; σ is a tensor for solid matters.
Resonance frequency can be determined as the center of peak in frequency

spectrum. The location of peak in a spectrum can be measured in Hz or in
rad/s. However, these units are dependent on the magnitude of the magnetic
field B0 and so they are not useful for comparing data of experiments on different
spectrometers. Therefore, chemical shift of used isotope is usually expressed as
dimensionless unit δ – one milionth of working spectrometer frequency, for which
holds:

δ =
ω − ωstandard

ωstandard

106 =
measured chemical shift in Hz

frequency of the spectrometer in MHz
, (2.7)

where δ is in dimensionless units ppm (parts per milion), ω is Larmor frequency
of measured peak and ωstandard is Larmor frequency of standard. For the spec-
trometer with operating frequency of 500 MHz δ = 1 ppm corresponds to 500 Hz.
From the last three mentioned equations it can be concluded that higher shielding
causes lower local field and so lower frequency and therefore lower chemical shift
in the spectrum (lower δ).

Standard has to be stable, soluble in common used solvents, non-interactive,
with single peak not overlapping in the spectrum with measured peaks. Its chem-
ical shift should not be dependent on temperature or concentration. For the 1H
and 13C spectra tetramethylsilan (TMS) and sodium 2,2-dimethyl-2-silapentane-
5-sulfonate (DSS) are the most commonly used standards in non-polar and polar
solvents, respectively [28].
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Relaxation

Relaxation is a process by which the spin system returns to the equilibrium state
and interchanges the excess energy with its surroundings – lattice. Nuclei with
spin of 1/2 relax mostly because of magnetic field fluctuation. The fluctuation is
mainly caused by the following processes [28]:� Direct dipole–dipole interaction between two spins in one molecule� Chemical shift anisotropy� 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.

Longitudial (spin–lattice) relaxation

Without the external magnetic field B0, the energetic levels of nuclei (spins) are
populated with the same probability and M0 = 0. After switching magnetic
field on, the system goes to the new equilibrium state defined by Boltzmann
equation (2.2). The magnetization M0, which is given by the sum of magnetic
moments of individual spins, that means by the difference of equilibrium values
of nuclei population on individual energetic levels, is not zero anymore. After
applying radiofrequency field the z–component of magnetization relaxes to the
new equilibrium state and its time dependency Mz(t) will be

Mt(t) = M0



1 − 2e
−

t

T1



 . (2.8)

The constant T1 is called the longitudial (spin–lattice) relaxation time.
The dependency of T1 on correlation time τc, which can be interpreted as

a measure of the time scale of random fluctuations oscillations, is depicted in
Figure 2.8. The shortest correlation time is for gas, small molecules in non–
viscous environment follow. Macromolecules or molecules in viscous environment
have at room temperature correlation times in the range of ns. In NMR, middle-
sized molecules in non–viscous environment are mostly measured, that means
molecules near the T1 minimum.

In reality, T1 is time–dependent, randomly fluctuating field is caused by mov-
ing molecules and its correlation time τc is temperature–dependent. If we heat
the sample, the fluctuations will be faster and therefore τc will be shorter. T1

depends on the size of the magnetic field as well, because ω0 is proportional to
B0.

Transverse (spin–spin) relaxation

Besides the z–magnetization, magnetization in the xy–plane also exists. Because
the time dependencies of Mz and Mxy are mostly different, the second relaxation
time needs to be introduced: a transverse or spin–spin relaxation time T2. The
other reason for T2 introduction is the peak width in a spectrum. The longitudial
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Figure 2.8: Variation of T1 and T2 with correlation time, for intramolecular
dipole–dipolre interaction. Copied from [46].

relaxation mostly contributes less than 0.1 Hz, but the observed peaks are much
wider [28].

In liquids, the most important factor for the time dependency of Mxy is the
inhomogenity ∆B0 of magnetic field B0. The individual spins are in different
local magnetic field and this causes dispersion in Larmor frequencies and therefore
“fanning out” of the magnetization vector Mxy, see Figure 2.9. The total value
of Mxy decreases in this way, but Mz does not change.

Figure 2.9: Transverse relaxation in laboratory and rotating coordinate system.
Copied from [28].

The time dependency of the measured magnetization is:

M(t) = M0e
−

t

T2 . (2.9)

For the half–width ∆ν of the NMR signal it holds

∆ν =
1

πT ∗

2

, (2.10)
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1

T ∗

2

=
1

T2

+
γ∆B0

2
, (2.11)

where T ∗

2
is the relaxation time measured from the peak width, T2 the relaxation

time, and the third part is a contribution from the peak broadening, which is
caused by the inhomogeneity of magnetic field B0. These inhomogeneities can
be minimized by corrections of magnetic field (shimming), but they can not be
eliminated.

Graffically is the dependency of the transversal relaxation time on τc shown
in Figure 2.8. It is clear from the figure that contrary to T1, T2 monotonously
decreases with increasing τc and increases with temperature. The region where
T1

∼= T2 is called extreme narrowing.
Spin-spin relaxation time T2 is obtained using the Carr-Purcell-Meiboom-Gill

(CPMG) experiment [21] which is based on the spin-echo pulse sequence. Here
a 90° pulse is first applied to the spin system. The 90° pulse rotates the mag-
netization into xy plane. The transverse magnetization begins to dephase. The
inversion pulse 180° is applied after a period τ of dephasing, the inhomogeneous
evolution will rephase to a form an echo at time 2τ . In the CPMG sequence, a
repeated spin-echo is used and T2 value is determined from the dependency of
the signal amplitude on the repetition time.

For polymer in solutions T2 is in the range of units to hundreds of ms.

Diffusion

Diffusion is the random translational (or Brownian) motion of molecules or ions
that is driven by internal thermal energy. Translational diffusion is the basic
mechanism by which molecules are distributed in space. It is very important
in any chemical reaction, because the reacting species need to collide before the
reaction can occur.

The dependency of diffusion coefficient D on temperature T is defined by
Stokes–Einstein equation:

D =
kBT

6πηR
, (2.12)

where kB is the Boltzmann constant, R the gas constant and η is liquid viscosity.
Typical self diffusion coefficients in liquids at room temperature ranges from

10−9 m2s−1 (small molecules in non viscous solution) to 10−12 m2s−1 (polymers
in solution).

Measurements of diffusion commonly employ the spin-echo pulse sequence (as
described before) with pulse magnetic field gradient (PFG) NMR. Monitoring of
the self–diffusion in a sample is accomplished by the application of the magnetic
field gradient during the dephasing and rephasing periods. These gradients cause
the spin in different positions in the sample to precess differently, thereby enhanc-
ing the dephasing process. If the spins maintain their positions throughout the
experiment, they will refocus completely into a spin echo by the pulse sequence,
see Figure 2.10 upper drawing. On the other hand, if they change position during
the experiment, their precession rates will also change, and the refocusing will be
incomplete, resulting in a decrease in the intensity of the spin echo, see Figure
2.10 lower drawing. A typical experiment for measurement of a self–diffusion
coefficient consists in a set of spectra obtained for different values of the field
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gradient strength g while the length of the gradient pulse δ and the duration
betwee the pulsed gradients ∆ are held constant. Then, by plotting the intensity
of the echo I versus g it is possible to obtain the self–diffusion coefficient D from
the decay of the echo intensity using relation

I = I0exp

(

−Dγ2g2δ2

(

∆ −
δ

3

))

(2.13)

Figure 2.10: On top: effect of a magnetic field gradient pulse. The magnetization
vector rotates differently at different positions in the tube cancelling out the total
signal. A refocusing gradient pulse reappears the total signal in accordance with
its sign and intervening rf pulses. Below: the effect of the diffusion combined
with magnetic field gradient pulses. The physical movement of nuclei reduces the
effectiveness of the refocusing pulse and thus reduces the resulting signal strength.
Copied from [1].
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2.2.2 DSC

Differential Scanning Calorimetry (DSC) is a thermal calorimetric method, which
records exo- and endothermic processes, e.g. crystallization, melting, liquid–
crystall phase transition, and chemical reactions as polymerization or degradation
and others.

According to the definition, “thermal analysis includes a group of analytical
methods by which a physical property of a substance is measured as a func-
tion of temperature while the substance is subjected to a controlled temperature
regime” [25]. DSC relies on a so called “null–balance” principle. The tempera-
ture of the sample is kept at the same temperature as the reference holder by the
continuous adjustment of the heater power. The sample and reference holder are
individually heated and a signal proportional to the difference between the heat
power input to the sample and the refference dH/dt is recorded. A sketch of a
DSC apparature is in Figure 2.11.

Figure 2.11: Schematic representation of DSC.

In Figure 2.12 is a DSC thermogram of an udercooled potentially semicrys-
talline polymer, which illustrates the measuring principle [25]. At low temper-
ature, the sample and the reference are at the same temperature. When the
temperature increases to the glass transition, which is endothermal process, ex-
tra heat flow is necessary to add to the sample in order to maintain the sample
and the reference at the same temperature. The height of the “step” in the
thermogram is thus proportional to the specific heat of the glass transition. At
even higher temperature, crystallization occurs. Crystallization is an exothermal
process, so less heat flow is necesary to get to the sample than to the reference in
order to hold the thermal balance. The integrated difference between two heat
flows, i.e. the area under the exothermal peak, is thus equal to the crystalliza-
tion enthalpy. At higher temperature, melting, which is an endothermal process,
occurs. The heat to the sample needs to be higher than to the reference so a
positive peak in DSC thermogram occurs. The area under the peak is thus pro-
portional to the melting enthalpy. Analogously, the positive endothermal peak
occurs during the phase transition in polymer solution or hydrogels.

The accuracy in the determination of transition enthalpies depends on the
level of the enthalpy change, on the temperature region of the transition and on
the linearity of the base line.

2.2.3 Optical microscopy

Optical microscopy is an experimental method magnifying morphological struc-
ture to make details visible. It is often used for study of morphology of polymer
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Figure 2.12: Schematic DSC traces showing three transition types. Copied from
[25].

blends, copolymers, block and semicrystaline polymers, and liquid crystalline
polymers. The morphology can be directly observed and the structure is in most
cases determined without the need for any sophisticated model.

With optical microscopy, size of studied objects is between 0.2 and 200 µm.
Surface or bulk structures can be studied. Samples are studied in liquid or air, so
no vacuum is needed. The sample preparation is very easy, but during the sample
preparation as cutting the sample in thin slices or staining for better visibility of
studied part of the sample, care should betaken in order not to change the true
structure of the sample. Also the studied part and features of the sample should
be chosen with care, so that they are really representative.

In the following text, the fundamental principles of an optical microscope
will be summarized. The magnification of a modern type of optical microscope
is obtained by two lens systems, the objective and the eyepiece. The objective
generates the magnified real image of the sample. The real image is further
magnified by the eyepiece. The final magnified real image is formed at the retina
of the eye. The maximum possible magnification of an optical microscope is
about 2 000×. Surface topography is studied with reflected light, whereas for
bulk transmitted light through the sample is needed.

The resolution of an optical microscopy is defined as the smallest distance
between two points that can be recognised as two separated items. These two
points could be recognised, if the light intensity between the points is 85% or less
of the maximum value at the centres of the points, as was showed by Rayleight.
The resolution d that is controlled by diffraction is given by

d =
λ

NAobj + NAcond

, (2.14)

where λ is the wavelength of used light and NAobj and NAcond are the numerical
apertures of the objective and condensor, defined as

NA = n sinα, (2.15)

where n is the refractive index and α the half acceptance angle, see Figure 2.13.
Equation (2.14) holds only if NAobj ≥ NAcond. High resolution is obtained when
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components of high numerical apertures are used. The resolution increases with
decreasing wavelength of the light.

Figure 2.13: Definition of numerical aperture NA of objective lens. Copied
from [25].

2.2.4 Dynamic mechanical analysis

Dynamic Mechanical Analysis (DMA) provides quantitative information on the
viscoelastic and rheological properties of a material by measuring the mechanical
response of a sample as it is deformed under periodic stress or strain. It gives
information about major transitions and secondary and tertiary transitions, which
are in most cases not readily identifiable by other methods. The DMA is also
able to characterize bulk properties directly affecting material performance [52].

The DMA provides an oscillatory force, causing a sinusoidal stress to be ap-
plied to the sample. This stress then generates a sinusoidal strain. If we measure
both the amplitude of the peak deformation at the peak of the sine wave and
the lag between the stress and strain sine waves, we can calculate quantities like
the modulus, the damping, and the viscosity. Input and response curves are
generalized in Figure 2.14.

In sinusoidal tests, complex dynamic modulus G∗ is usually used:

G∗ = G′ + iG′′ =
σ∗

γ∗
, (2.16)

where G′ is the real (elastic or storage) modulus and G′′ is the imaginary (viscous
or loss) modulus, σ is the shear stress and γ the shear strain.

In the dynamic mode of testing, the dependency of complex oscillatory fun-
ction of shear strain γ∗ on the maximum amplitude γm and frequency ω is:

γ∗ = γm exp(iωt), (2.17)

where t is time. The measured response of the shear stress σ∗ is then shifted by
a phase angle δ with a maximum amplitude σm

σ∗ = σm exp(iωt + δ). (2.18)

The ratio of the loss to the storage modulus is defined as the damping or
dissipation factor or loss angle tangent tan δ:

G′′

G′
=

1

ωΘ
= tan δ, (2.19)
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Figure 2.14: Typical input–response curves during dynamic mechanical testing.
Copied from [4].

where Θ is a characteristic time constant. The loss angle tangent measures the
ratio of the energy dissipated as heat to the maximum energy stored in the mate-
rial during one cycle of oscillation. The representative plots of storage, loss factor,
and loss angle tangent are plotted in Figure 2.15. At low temperatures the poly-
mer is in the glass unrelaxed state and G′ has a plateau. If the temperature
increases, the viscoelastic nature of the polymer is seen and G′ has a transition
region. At even higher temperature polymer is in a relaxed rubbery state and G′

has another plateau. G′′ is a measure of the viscous contribution to the modulus
and achieves its a maximum as the temperature increases. Its maximum is near
the inflection point of the storage modulus. The loss angle tangent has its maxi-
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mum at the temperature of the glass transition – the maximum is even used as a
definition of the glass transition temperature. The tan δ can have more maxima,
showing transitions of side chains or branches. The transition associated with the
highest temperature is often called α–relaxation, while subsequent temperature
transitions are labelled β–relaxation, etc. The peak associated with the glass
transition can be quite broad, depending on the homogeneity of the network.

With DMA, viscosity can be also measured. From the experiment, complex
viscosity could be easilly calculated as

σ = ηγ̇. (2.20)

Figure 2.15: General behaviour of storage modulus (G′), loss modulus (G′′) and
loss angle tangent (tan δ) as a function of temperature. Copied from [4].

2.2.5 Dynamic light scattering (DLS)

DLS is a non–invasive technique used to measure the size of molecules smaller
than one µm. The principle is as follows: Particles, emulsions, and molecules
in suspensions move with Brownian motion, because they are bombed with sol-
vent molecules. Smaller molecules are kicked away further than bigger one and
therefore their speed of Brownian motion is higher. If we light the particles or
molecules with laser beam, the speed of fluctuation of diffracted light depends
on the size of the particle or molecule. By the analyzation of intenzity of fluctu-
ation the speed of Brownian motion could be determined. A digital correlator,
which is in the DLS device, measures the degree of similarity of two signals over
time. From the correlations the intensity distribution of sizes is calculated. From
the intensity distribution number distribution and count rate (information about
number of signals) can be determined.

The difference between intensity and number distribution can be explained on
an example: If we have two sizes of particles (5 and 50 nm), each with the same
population, the peaks of number distribution would have the ratio of signals 1:1.
On the other hand, intensity distribution depends on the 6th power of particle
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diameter and therefore the ratio of signals in our example would be 1:106. It is
clear that the intensity distribution discriminates primarily bigger particles.

In the dynamic light scattering the hydrodynamic diameter is determined. It
is a diameter of a sphere with the same translation diffusion coefficient as the
measured particle has. It gives the information how a particle is difunding in a
solution. The translation diffusion coefficient does not depend only on the size
of the particle, but also on its surface structure, concentration and type of ionts
in the medium, see Figure 2.16. The determined size can be also higher than the
size determined by electron microscopy, where particles without surroundings are
measured.

Figure 2.16: A sketch of an hydrodynamic diameter of an particle [15].
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3. State of the art

The possibility of coexistence of two polymer phases differing in the chain con-
formation and concentrations was predicted at the turn of the 60’s and 70’s of
the 20th century by analysis of the Flory-Huggins equation describing the phase
behaviour of binary polymer systems. In case of crosslinked hydrogel, a small
change in interactions between polymer and solution induced by changes of ex-
ternal parameters was expected to result into a large change in the swelling degree
of the hydrogel. The collapse phase transition was experimentally confirmed by
the Japanese scientist Toyoichi Tanaka 35 years ago [81] by observing polyacry-
lamid gel in mixture solution of water/acetone.

3.1 Solutions of linear polymers

After nearly thirty years of research it is known that the LCST of a polymer
solution is influenced by chemical structure of monomer units in the polymer
or by copolymerization with either hydrophilic/hydrophobic monomer or with
a charged monomer. Further, LCST is influenced by the solvent composition
and the amount of salts dissolved in the solution. The text below deals with
experimental results related to all these topics.

First we will discuss the homopolymers in water. The most of temperature
sensitive polymers are based on acrylamide; although polyacrylamide (PAAm)
used in experiments of Tanaka, is not separating with change of temperature
but only with change of composition of the solution. Poly(N -isopropylacrylamid)
(PNIPAAm) is separated at 307 K [68]; poly(N ,N -diethylacrylamid) (PDEAAm)
at 305 K [48] and poly(N -ethoxypropylacrylamid) (PEPA) at 306 K [85].

Poly(N -isopropylmethacrylamid) (PNIPMAm) has the LCST of 316 K [68]
and poly(N -ethylacrylamid) (PEA) of 355 K [48]. In addition to AAm-based
polymers also other polymers like poly(vinyl methyl ether) (PVME, LCST ≈
307 K) and poly(N-vinylcaprolactam) (PVCL, LCST ≈ 307 K) exhibit the phase
separation behaviour. See Table 3.1 for the summary of the LCST and Tg tem-
peratures together with the chemical monomer structures of the most important
temperature–sensitive polymers. Influence of chemical monomer structures on
LCST of particular polymers could be demostrated on PNIPAAm and PNIP-
MAm. PNIPMAm differs from PNIPAAm only by α–methyl group, however its
LCST is of 19 K higher [23, 17, 82]. The reason is just the α–methyl group,
which obstructs the packing of the polymer chains to globules. OH group in the
side chain of the PEA has even bigger impact on the LCST. OH forms hydrogen
bonds with the molecules of water and thus prevents the separation of the poly-
mer and shifts LCST to higher values. For most polymers LCST does signicantly
depend on the polymer concentration in water; the exception is the PEPA where
the LCST drops from 42 °K to 33 °K if the concentration is smaller than 1 wt.-%
of the polymer in water, and PVCL where LCST ≈ 303 – 311 K depends on the
concentration and molecular weight [51, 71] .

It is possible to change the LCST of polymer solutions by copolymerization.
By this way it is possible to synthetize polymers sensitive not only to temperature
but also to other parameters like electric charge or pH, biodegradable polymers,
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polymer PNIPAAm PNIPMAm PDEAAm PEA PEPA PVME PVCL
LSCT [K] 307 [23] 316 [68] 305 [48] 355 [48] ∼ 306 [85] 307 [2] 307 [59]
Tg [K] 403 [2] 449 [79] 359 [3] 412 [57] 191–(281)[2]

chem. structure

Table 3.1: LCST temperatures for the aqueous solutions of some important
homopolymers.

or the polymer could be grafted to a surface or particle. H. Y. Liu and X.
X. Zhu in [48] studied aqueous solutions of copolymers formed from the follow-
ing monomers: PAAm, poly(dimethylacrylamid) (PDMAAm), PEA, PNIPAAm,
PDEAAm, and poly(tetra–butylacrylamid) (PTBAAm) (from hydrophilic to hy-
drophobic). The first two can be dissolved in water at any temperature, on the
other hand, PTBAAm cannot be dissolved in water at all.

It was found, that after copolymerization with various combinations of any
two monomers mentioned above the LCST of the copolymer is between the tem-
peratures of separation of the neat homopolymers. The dependency of the LCST
of the copolymer on the molar monomer fraction of one of the monomers is de-
scribed by the following equation:

T =
x1T1 + Kx2T2

x1 + Kx2

, (3.1)

where T is the LCST of the copolymer, T1 and T2 are the LCSTs of particular
neat homopolymers, x1 and x2 are their molar fractions of monomers, and K is
the fitting constant. The results of the papers cited above show that the LCST
grows with increasing molar fraction of the hydrophilic polymer in the copolymer.
At the same time, the more hydrophilic copolymer has steeper transition. On the
other hand, LCSTs of the measured copolymers do not significantly depend on
their concentrations. Described properties are most considerable for alternat-
ing copolymers. For diblock copolymers the change of LCST with addition of
comonomer is lower because of the spatial distance of two comonomers [49].

There are several methods how to combine comonomers into a copolymer.
Diblock copolymers can form micelles and this process depends on the length of
the blocks, temperature and pH. For example, these micelles can contain drugs
for controlled drug release. Grafted copolymers can be used for the solution
thermothickening or in solutions which form gels with increasing temperature.
Similarly as in the diblock copolymers, the second copolymer does not signifi-
cantly change the LCST of the first one [49].

Since the copolymerization with another monomer results in significant change
of the phase separation temperature, one can ask if it is not sufficient to mix both
polymers in water. This topic was dealt with in papers [68, 75, 17] working with
mixtures of polymers PNIPMAm/PNIPAAm [75, 17] and PNIPMAm/PVME
[68].
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If homopolymers PNIPMAm, PNIPAAm, or PVME are dissolved in water,
LCST is neither dependent on polymer concentrations, speed of cooling/heating,
nor on polymer molecular weight. The homopolymer mixture exhibits two LCST
temperatures. The polymer with lower LCST (PNIPAAm, PVME) does not have
LCST dependent on the presence of the second polymer. On the other hand, for
PNIPMAm which is collapsing at higher temperature a dependency of LCST on
the polymer concentration was measured: with increasing polymer concentration
the LCST of PNIPMAm is lower as the mutual contacts between polymer chains
promote [68]. The PNIPMAm/PNIPAAm copolymer solution has only one phase
separation temperature. It is proportional to the molar fraction of PNIPMAm
and therefore it is possible to obtain the copolymer composition by measurement
of the LCST [17].

The results overview mentioned above is related to electrically neutral poly-
mers. How does the phase separation temperature change after copolymerization
with a charged comonomer? For PNIPMAm and comonomer methacrylate of
natrium (MNa) the answer can be found in [68, 74]. For polymer concentration
of 1 wt.-%, increasing MNa concentration in the copolymer shifts LCST to higher
values and decreases ratio of monomer units involved in collapsed globular struc-
tures. It is an effect of higher hydrophilicity of charged polymer chains. If the
polymer concentration is ten times decreased, the dependency is reversed – with
increasing concentration of the MNa the LCST was shifted to lower values, even
below the value for the neat PNIPMAm. The difference in behaviour for both
concentrations is caused by intermolecular forces. They are prevailing with high-
er concentrations of the copolymer. If the concentration is lower, the solution of
polymers is diluted, the globules are formed mostly of single macromolecules and
intermolecular forces are not significant.

The variability in the choice of homo/copolymer is described above. We will
deal with additives in the solvent, primarily with salts. The study cited below was
dealing with grafted copolymer poly(allylamin)–g–poly(N -isopropylacrylamid)
(PAH–g–PNIPAAm) [24].

With increasing amount of the natrium chloride (NaCl) in the water the LCST
of the copolymer solution shifted to lower values (from 307 K for pure water
drops to 296 K when there is 1 mol of NaCl per one liter of water). This is
consequence of so called “salt out effect”, when the salt in the water dissociates
and neutralizes charge on the charged PAH units. As the amount of the salt
in water is increasing, less charges prevents the chains to collapse and thus this
phase separation temperature drops down.

Hydrodynamic radius (radius of globule) of the largest structures, measured
using the dynamic scattering, is growing from about 20 nm to about 150 nm at
the phase separation temperature and does not depend on the salt concetration.
The largest globules (163 nm) are formed in pure water, where there is no charge
at the PAH unit neutralized. The chains are thus repulsing each other and they
cannot collapse too tightly. The higher concentration of the salt gives rise to
neutralization of the charge and globules are thus smaller. The osmotic pressure
also contributes to the drop of the globule size: after collapse to globules there
is a large concentration of salt around them and the water is expelled from glob-
ules by osmotic pressure. The smallest globules (138 nm) can be observed for
concentration of 0.5 mol/liter. The diameter of globules rises for higher salt con-
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centration then; the reason for this is that the spatial aggregation length increases
and thus there are more copolymer chains per one globule.

It was shown, that for the PAH–g–PNIPAAm [24] the LCST does not depend
on the pH of the solvent. Anyway, pH influences the hydrodynamic diameter of
globules: if the pH is higher than the dissociation constant pKa of the copolymer,
then the hydrodynamic diameter of globules is about 30 nm smaller.

The solvent plays an important role in the phase separation of polymer so-
lutions and that is why we will deal with it, now. We start with the analysis of
bound and free water [73]. Below the temperature of the phase separation, the
polymer chains are dissolved in the water; water as well as polymer chains can
move freely. A fraction of water molecules in the solution bound inside or at the
surface of globules with highly limited mobility is present above the phase sepa-
ration temperature. This bound water is released from globules after some time.
The described phenomena can be experimentally observed using NMR spin-spin
relaxation time T2 of water. Due to chemical exchange the bound as well as free
water is usually represented by one signal in the NMR spectrum. Before the
phase separation, the T2 is between 5 and 6 seconds for investigated polymers
PVME, PNIPMAm, and PNIPAAm in the water. After the temperature rises
above LCST T2 drops below 1 second, because the immobile molecules of bound
water contribute to the signal, too. If the heated solution is kept at high temper-
ature, T2 stays unchanged for the first few hours. During this time, the chains
in globules are rearranging and preparing for release of the water. After this, T2

grows back to its value before the separation – i.e., water molecules are released
from globules. The speed of the releasing varies in dependence on the polymer.
While for PVME is T2 constant only for 2 hours and after 12 hours it returns
to its value before the separation, for PNIPMAm and PNIPAAm is this effect
observed for a longer time. (For PNIPMAm is T2 constant for 30 hours, back at
its original value is after 60 hours. For PNIPAAm are both time intervals even
two times longer.) The reasons for different time dependent behaviour are the
follows:

1. PVME, in constrast to the other polymers, has the glass temperature sig-
nificantly lower than the separation temperature, see Table 3.1.

2. PNIPAAm, unlike PNIPMAm, does not have the α-methyl group. Conse-
quently PNIPAAm chains can colapse more tightly into globules and more
easily trap water molecules.

For the mixture of PNIPMAm and PVME [73] the dependency of LCST of
PNIPMAm (collapsing at higher temperatures) on the PVME hydratation was
observed. Samples were heated above LCST of PVME and kept for 12 hours
(time necessary to allow the water to release from the PVME globules), the
phase separation occured at a temperature lower by 4 K.

Behaviour of polymer solutions is also sensitive to the composition of solvent.
For a certain composition the solvent cononsolvency effect [72] is observed for
PNIPMAm. It can be dissolved in pure water and pure ethanol, but for wa-
ter/ethanol mixture with composition 60/40 it is not soluble. The cononsolvency
results from the fact that water–EtOH interactions are preferred to PIPMAm–
water hydrogen bonds. Moreover in contrast to temeprature–induced separation,
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the globules formed during the cononsolvency effect do not contain any bound
solvent molecules.

The study of parameters influencing the phase separation of polymer solutions
we will finish with the analysis of the type of binary mixture solvent water/other
solvent.

Measurement using contact angle revealed [89], that the PAAm can be dis-
solved in the water/aceton mixture containing up to 20 vol.-% of aceton. The
limit for ethanol as well as dimethylformamid is at 40 vol.-%. In ethylenglycol
the PAAm can be dissolved for all concentration of ethylenglycol in water. In-
vestigation of the solvent polarity showed that PAAm is soluble only if the polar
contribution of the solvent exceeds non-polar contribution.

The influence of the solvents on the PNIPAAm is discussed in [14]. It was
discovered for the water/aceton solvent that the LCST of the PNIPAAm drops
with the incresing molar fraction of the aceton or methanol, then reaches its
minimum and afterwards again grows. The explanation for this behaviour is the
hydratation of the solvent molecules. If a substance with low polarity is added
to water, the water molecules create around this substance an envelope around
added substance which is strengthened by water hydrogen bonds. With increasing
concentration of the added substance there is an increasing lack of water molecules
in the system to create the water envelope and the added substance is phase
separated. Under the same conditions, hydrophobic substance is phase separated
already at lower concentration since it needs more molecules of water to be fully
wrapped up and thus there is a higher probability of breaking the water envelope.
If two different substances are added to water (e.g., polymer and acetone), water
molecules preferentially wraps the low molecular substance, thus achieves lower
enthropy.

Now we can explain the minimum of the LCST with respect to aceton (methanol
or ethanol) concentration in water: with higher aceton concentration in the wa-
ter more water molecules are encapsulating instead of forming a water envelope
around the polymer. Consequently PNIPAAm separates more easily and LCST
drops from 308 K to 298 K. For 10 mol.-% concentration of the aceton in water
the system does not contain enough water to encapsulate all the aceton molecules
and the aceton molecules thus can interact with PNIPAAm. Because the aceton
is a good solvent for PNIPAAm, the LCST increases. Using methanol, the same
dependency can be observed, only the minimum is shifted to 35 mol.-% and LCST
drops to 268 K.

PNIPAAm shows specific behaviour in the mixture of solvents water/ethanol.
For small ethanol concentrations the LCST decreases with higher ethanol content;
it can drop below 268 K for 15 mol.-% of ethanol. For concentrations between 15
and 30 mol.-% of ethanol PNIPAAm is dissoluble at any temperature. For higher
concentration we observe UCST – temperature above which the polymer is again
dissolved. This is a consequenc of prevailing non–specific ethanol–polymer inter-
actions, which are stronger than the hydrogen bonds between polymer and water.
This interaction cannot be observed with the methanol, since the hydrophobic
group of ethanol is too small to compete with the water hydrogen bonds.

Similar behaviour as for solvent water/ethanol was observed with the same
polymer also for water/1–propanol and water/2–propanol. The drop of the LCST
with increasing concentration of added solvent depends on the size and shape of
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molecule; the biggest decrease of LCST is for 1–propanol, followed by 2–propanol,
and ethanol. The ethanol has the smallest molecule. 1– and 2–propanol has about
the same size of molecules, however, the 2–propanol is more branched and thus
more spherical.

3.2 Hydrogels of polymer networks

The response of hydrogels to the temperature change depends among others on
the used polymerization process. Hydrogels prepared by the ATRP (atom transfer
radical polymerization) are more homogeneous than hydrogels prepared by FRP
(free radical polymerization). At the same time, ATRP hydrogels swell more, but
above VPTT they release the same amount of water as the FRP hydrogels [91]. So
ATRP hydrogels contain more water after the phase transition. This behaviour is
caused by skin effect – if a temperature sensitive ATRP gel is put into hot water,
its surface collapses and makes a hard waterproof skin. The skin layer formation
thus significantly reduced the macroscopic deswelling rate. FRP hydrogels are
not so sensitive on skin effect, because they are more heterogeneous and contain
highly crosslinked nanogel domains. These domains have higher LCST than the
rest of the gel, stay longer hydrophilic and form hydrophilic channels, where water
can release out of the gel.

The same difference as for ATRP and FRP gels was detected for hydrogels
with low and high crosslinking density.

Among others, temperature-sensitive hydrogels are used for controlled drug
release. Some studied hydrogels, e.g. PNIPAAm, are not biodegradable and
therefore it is necesary that they have good mechanical properties, so that it is
possible to remove them surgically after use. Other problem of convential hydro-
gels in this application is short release duration. These two drawbacks can be
attributed to low polymer mass per unit volume and therefore many large pores
and cannals. The problem can be solved by copolymerization of the temperature-
sensitive polymer with hydrophobic one, however the temperature sensitivity de-
creases and LCST changes. Other strategy is use of interpenetrating polymer
network (IPN)[93]. According to its definition, interpenetrating polymer net-
work consists of two polymer networks, where one of them is synthesized and/or
crosslinked in the immediate presence of the other. IPN combine the features
of both polymer networks. Because these networks are only interlocked and not
chemically bonded, the temperature behaviour of both networks is relatively in-
dependent on each other [92, 47]. In contrast to copolymers, where swelling is
controlled by their composition, in IPN systems each component is activated
separately.

In literature there are several investigations of IPNs containing PNIPAAm
and temperature insensitive network. The second network can significantly in-
fluence the final macroscopic properties. The second network can improve the
mechanical strength, such as polyurethane (PU) [47], which simultaneously re-
duces the swelling and drug releasing rates, because of its hydrophobic character.
Polyacrylic acid (PAA) also influences the swelling and drug releasing rate. Both
PU and PAA do not change the critical temperature of IPN. Szilágyi and Zŕınyi
[78] investigated IPN of poly(vinyl alcohol) (PVA) and copolymers PNIPAAm-
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co-acrylamide. Here, acrylamide increases the hydrophilicity of PNIPAm and
therefore shifts the LCST of the copolymer network to higher values. Studies of
the swelling properties show that in several cases the volume phase transition of
these IPNs was not followed by macroscopic shrinking, which can be used in smart
‘gel glasses’ [94]. If the second network is pH sensitive, e. g. poly(methacrylic
acid) (PMMA) [92], the final IPN is both temperature and pH sensitive. Unlike
copolymers, here the VPTT is similar to transition temperature of pure PNI-
PAAm hydrogel and the transition in dependence of pH occurs at approximately
pH 5.5, the pKa of pure PMMA.

Zhang et al. [93] are the only ones, who studied IPN of two temperature-
sensitive networks. In order to overcome the deficiencies of PNIPAAm-based
drug carriers without the expense of its unique thermo-responsive property, they
made IPNs of two PNIPAAm hydrogels with different ratios of the second to
the first network (from 0.2 to 1.8), which increased the polymer mass per unit
volume. Although transition temperature is similar as for ordinary PNIPAAm
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 PNIPAAm hydrogel, the IPN-PNIPAAm gels are not
homogenously porous, but they have a fibrillar-like structure with non-uniform
mass distribution. According to [93] there are two reasons: firstly, fluctuation of
distribution of NIPAAm monomers during polymerization of the second network
and secondly, interaction of NIPAAm monomers with the first network. Because
of the interaction, the second network tends to be formed near the polymers of
the first one and therefore domains of high polymer mass arise.

We have not found any experimental study of IPN, where both networks are
temperature sensitive, but each at different temperature.

Conventional hydrogels composed of single network (SN) of hydrophilic poly-
mer are soft, weak and brittle. They usually fail at a tensile stress less than
sub-MPa and strain less than 100 % and they show very low resistance against
crack propagation. Therefore they have been limited to the usage where the
mechanical properties are not highly concerned, such as controlled drug delivery
devices or water–absorber.The reasons for lack in mechanical strength of a hy-
drogel 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 heterogeneous structure, stress is concentrated around the shortest chain,
and this leads to a failure of the sample at a very low force. One solution to this
problem are very homogeneous hydrogels, such as slide-ring gels (a hydrogel with
sliding crosslinking points) or tetra-PEG gels (a hydrogel from tetrahedron-like
macromonomers). Different from the above approaches that concentrates on de-
veloping a gel with a homogeneous structure, an alternate approach, whereupon
the heterogeneity of the hydrogel was incorporated preferentially, was discovered
[26]. This new class of hydrogel is known as double-network hydrogels (DN gels),
which are a subclass of IPNs. According to their definition, they consist of two
networks with strong asymmetric structure, as described below, which is the dif-
ference to conventional IPNs. Firstly, the first network consists of a rigid and
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brittle polymer, e.g. electrolyte, the second one is consisted of soft and duc-
tile polymer, such as neutral polymer. Secondly, the molar concentration of the
second network is 20-30 times lower than in the first network. Third, the first
network is tightly while the second network is loosely cross-linked, which requires
a very high molecular weight of the second polymer [26].

The first DN gel, poly[2-(acrylamido)-2-methylpropanesulfonic acid]/polyacryl-
amide PAMS/PAAm, was synthetised by Gong et al. [26]. They found out, that
during deformation (uniaxial elongation or tearing test), first more crosslinked
network disintegrates in clusters, which “crosslink” the long chain of PAAm net-
work. The fragments of first network can move or split in the hydrogel, if some-
where is too strong stress. Therefore the DN gel has less mechanical defects
and the soften PAAm network stands out higher elongation. In conclusion, the
rigid, brittle PAMPS first network serves as a sacrificial bond that fractures at a
relatively low stress, while the soft, ductile PAAm serves as hidden length that
sustains stress by large extension afterwards. On the other hand, DN gels have a
negligible fatigue resistance, which will be a limitation in many practical applica-
tions, but could be in future solved with first network made of reversible bonds,
which can self-heal.

It is not necessary to form a DN gel from two different polymers. Fei et al.
[22] as first synthetised temperature sensitive double network, consisting of two
PNIPAAm networks, one more and the second less crosslinked. They found out,
that in comparison to single network, this DN essentially maintained its VPTT
and equilibrium swelling and reswelling kinetics but exhibited an increase in the
extent and rate of deswelling as well as an increase in hydrogel stiffness and
strength.
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4. The aims of the thesis

In this work we will focus on the following systems:

1. Random copolymers P(NIPMAm/AAm) in D2O. PNIPMAm is temper-
ature sensitive polymer, while PAAm is sensitive on the composition of
solvent. We will study the influence of AAm content in the copolymer on
the phase transition. The studied NMR and DSC parameters will be an-
alyzed to determine LCST of the phase transition and ratio of the phase
separated polymer, as well as thermodynamical parameters enthalpy and
entropy of the phase transition, size of the phase separating domain and oth-
ers n dependence on acrylamide (AAm) content in the copolymer. Some
experiments will be also performed in mixed solvent water/ethanol and wa-
ter/acetone in order to specify influence of solvent composition on the phase
transition.

2. IPN PNIPMAm/PNIPAAm. Interpenetrating hydrogels present a good
way to combine properties of two polymers, for example the first temper-
ature sensitive and the second with good mechanical quality, while not
changing the LCST of the first polymer. To our best knowlege, IPNs con-
sisting of two different temperature sensitive polymers has been not studied
yet. We will study how the VPTT of the first network will be influenced by
the presence of the second one and how this behaviour will be influenced
with increasing content of the second network. The studied samples will be
prepared in two ways, so that mechanical parameters could be compared.
Similarly as for copolymer solutions, more experimental techniques will be
used.

3. IPN PVCL/PNIPAAm. This study of interpenetrating network will be sim-
ilar as the previous one, but here PVCL instead of PNIPMAm will be used
as first network. Interesting on this IPN is, that the used polymers are dif-
ferent, but they have same VPTT. PVCL gels and solutions have attracted
much attention, as they are biocompatible and reversibly thermoresponsive
near physiological temperature.

33



5. Processing methods

5.1 NMR

5.1.1 Analysis of the NMR spectra: p–fraction

To analyze the behaviour of phase transition we have to determine the integrated
intensity of polymer peaks from 1H spectra. Position, shape, and width of the
phase separation in dependence on the temperature is determined by dimension-
less p–fraction, calculated from the intensities. The following empirical equation
holds for the integral intensity [34, 44]:

I(T ) =
Imax − Imin

1 + exp
(

T−T NMR

k

) + Imin, (5.1)

where Imax and Imin are the normalized maximal and minimal values of integral
intensities; TNMR is the temperature in the middle of the transition, i.e., where
the signal intensity has decreased by 50 %, and T is temperature. Imax, Imin,
TNMR, as well as k are fitted. For normalized intensities of full signals at tem-
peratures below transition is Imax = 1; if there is a complete separation then Imin

= 0. The parameter k is the measure of the separation width, particularly one
fourth of the temperature interval between points of intersection of tangent in
the inflexion point with constants Imin and Imax. k can be calculated from the
equation for the slope m of the tangent in the inflexion point:

m =
Imax − Imin

4k
. (5.2)

Fraction of monomer units involved in the phase-separated structures can be
expressed using equation [69, 76, 70, 41]

p(T ) = 1 −
I(T )

I0(T0)

T

T0

, (5.3)

where I(T ) is the integrated intensity of the given polymer peak in a partly
phase-separated system at temperature T , and I0(T0) is the integrated intensity
of this peak if no phase separation occurs. If we use Imax and Imin as normalized
intensities, we will get for fitting the equation:

p(T ) = 1 −
T

T0





Imax − Imin

1 + exp
(

T−T NMR

k

) + Imin



 . (5.4)

To characterize two-step separation, p-fraction is expressed as follows:

p(T ) = 1 −
T

T0

(II + III − III(T0)) , (5.5)

where II , III are intensities for individual phase separation calculated according to
the equation (5.1). The term III(T0) ensures that total intensity at temperature
T0 equals to II(T0).
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For normalized intensities the equation (5.5) can be rewritten to equation for
p–fraction:

p(T ) =

(

1 −
T

T0

II

)

+

(

1 −
T

T0

III

)

−

(

1 −
T

T0

III(T0)

)

, (5.6)

p(T ) = pI(T ) + pII(T ) − pII(T0), (5.7)

where pI and pII are calculated according to the equation (5.4), so we get

p(T ) =
pmax − pmin

1 + exp
(

T NMR
−T

k

) + pmin. (5.8)

There is only one constraint for the fitting: pmax,I = pmin,II . The remaining seven
parameters (pmin,I , pmax,I , pmax,II , TNMR

I , TNMR
II , kI , and kII) have to be fitted.

Further, we get from the equation (5.8):� individual expressions of p-fraction for both separation pI(T ) and pII(T )� total maximum of p-fraction pmax = max(pII)� mean p-fraction pmean =
max(pI) + min(pII)

2
, which equals pI,max and

pII,min� minimum of total p-fraction pmin = min(pI)� extent of single p-fractions ∆pI and ∆pII

The introduced parameters are depicted in Figure 5.1.

Figure 5.1: Temperature dependence of p–fraction fitted according to Eq. (5.8)
with depicted fitting parameters. ∆pI and ∆pII are (pmean − pmin) and (pmax −
pmean), respectively.
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5.1.2 Van’t Hoff equation

Information about enthalpy ∆H and entropy ∆S during the phase separation
can be also obtained from the NMR spectra. We used van’t Hoff eqaution, which
relates changes in temperature T with equilibrium constant of the phase transition
K. It holds:

ln K = −
∆H

RT
+

∆S

R
, (5.9)

where R is the gas constant = 8.314472 JK−1mol−1.
For the case of the phase transition (separation), the equilibrium constant

K is the molar ratio of unswollen (separated) and swollen (not separated) units
[67, 82, 83, 47] and it can be expressed using p-fraction:

K =
p

1 − p
. (5.10)

Example of the van’t Hoff construction is in Figure 5.2. Using logarithmic func-
tion the dependence is linearised – enthalpy and entropy of transition is defined
as slope and intercept, respectively. In Figure 5.2 there is an example of two step
phase transition depicted as two linear regions in van’t Hoff graph.
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Figure 5.2: Two regions of the van’t Hoff plot for the phase transition in copoly-
mer P(NIPMAm/AAm) = 94/6. Boundaries of the low-temperature (fitII) and
high-temperature (fitII)) regions are marked by circles and squares, respectively.

The van’t Hoff plots were recently applied in studies of the phase transition in
PNIPMAm hydrogels [61, 29, 82, 67] and in solutions of several thermoresponsive
hydrogels [70, 83].

5.1.3 Diffusion

NMR techniques can be used to determine diffusion coefficient of molecules in
copolymer or hydrogel samples. As the diffusion of polymer molecules can be
measured only below LCST, because after the phase transition there is no or too
weak NMR polymer signal, diffusion experiments are mostly applied for detection
of water molecules.

For the experiments, pulsed gradient spin echo (PGSE) NMR technique was
used. In this sequence, after 90° pulse, two pulse gradients are used. After the
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first one the phases of spins are shifted in dependence on their position on z–axis.
Before the second gradient, 180° pulse changes the dirrection of precession and
the sign of the phase angle of the spins. If there is no translation motion along
the z–axis, the influence of the two gradients cancels out and we get maximum
echo signal at the end of the sequence. If there is a diffusion, spins move along
the z–axis and so during the second gradient pulse they are in different magnetic
field than during the first one. So the phase angle fans out only partially and
the resulting echo signal is smaller. If the diffusion is larger, there is weaker
refocusing of the spins and therefore smaller echo signal.

The general dependence of the signal intensity Y on diffusion gradient D is in
the Theoretical chapter 2.2.1. The experimental data from diffusion experiments
were fitted using function [13]

Y = Y0 ∗ exp(−(γ2δ2I2g2

calx
2) ∗ (∆ − δ/3)D10−9), (5.11)

where the constants equals: γ2 = 7.1567 1016 1/(sT), δ = 0.002 s, I = 10 A,
∆ = 0.1 s, gcal is obtained from the calibration experiment. x is the size of the
gradient in percent between 2 and 95 %. Y0 and the diffusion constant D are fitted.
The gradient pulses were calibrated on a water sample (1% H2O in D2O) under
the experimental conditions used in polymer solutions and hydrogels. The results
of the calibration sample 1% H2O in D2O + 1 mg/ml GdCl3 for temperatures of
300 and 315 K are in Figure 5.3.
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Figure 5.3: Calibration measurement for diffusion at 300 K (left) and 315 K.
The fitting parameters for 300 K are gcal=0.0520 Tm−1A−1, Y0 = 1.0265, B =
-0.0013. For 315 K they are gcal=0.0519 Tm−1A−1, Y0 = 1.0190, B = 0.0433.

The diffusion coefficient is taken from the publication of Mills [55] and their
temperature dependence was interpolated with second order polynomial, see Fig-
ure 5.4.

5.1.4 Transverse magnetization T2

The transverse magnetization was measured with the Car-Purcell-Meiboom-Gill
(CPMG) [21] pulse sequence 90o

x–(td–180o
y–td)n–acquisition.
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Figure 5.4: Temperature dependence of diffusion coefficient D of 1% H2O in
D2O. Measured values [55] are fitted with second order polynomial.

The data from relaxation experiment are fitted with equation

I(t) = I0 exp

(

−
t

T2

)

, (5.12)

where I(t) is the measured time dependent intensity of studied peak, I0 is the
intensity in the equilibrium and t is 2 × n × td from the CPMG sequence and
represents total relaxation delay period. I0 and relaxation time T2 are fitted.

5.2 DSC

Figure 5.5 shows typical thermogram as obtained from DSC. The following quan-
tities were obtained: the peak integral (after substraction of baseline), tangent
intersection Ton, maximum of the peak Tpeak, and offset of the peak Toff after
baseline substraction, see Figure 5.5.

The change in enthalpy during the phase transition is calculated from the
integral as follows:

∆H =
1

m × (speed of heating)

∫

(heat flow)dT (5.13)

Here, heat flow is in mW, weight m in mg and speed of heating in K/s. The unit
of ∆H is J/g.

The equation (5.13) has been derived using thermodynamic relation for spe-
cific heat capacity measured at constant presure:

cp =

(

δH

δT

)

p

⇒ H =

∫

cp dT. (5.14)

Specific heat capacity cp can be calculated according to the equation

cp =
1

m

heat flow

speed of heating
=

1

m

dQ/dt

dT/dt
. (5.15)
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Figure 5.5: Fitting procedure of temperatures for sample P(NIPMAm/AAm) =
99/1. The black line is the measured thermogram, red lines are tangents and pink
circles are critical temperatures Ton, Tpeak, and Toff . Dotted line is the baseline
and dashed lines are boundaries for integration.

Combining equations 5.14 and 5.15, relation 5.13 is obtained.
The enthalpy can be recalculated per mol of polymer units:

∆Hp,mol = ∆HpMw. (5.16)

where Mw is the molecular weight in g/mol, and ∆Hp is the enthalpy of polymer
(without solvent) in J/g.

DSC data from heating scan are processed.
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6. Experiments

6.1 Samples

6.1.1 Copolymers P(NIPMAm/AAm) in D2O

N -isopropylmethacrylamide (NIPMAm) (Aldrich) and acrylamide (Fluka) were
used to prepare PNIPMAm homopolymer and P(NIPMAm/AAm) random copoly-
mers by radical polymerization in the ethanol/water mixture (85/15 by vol-
ume) at 333 K with 4,4’-azobis(4-cyanopentanoic acid) as initiator. Molecu-
lar weights Mw and Mn were determined by GPC with Superose 6 (Amersham
Biosciences). For high molecular weight copolymers NIPMAm/AAm=99/1 and
94/6, where Mn values determined with Superose 6 would be unreliable, their
molecular weights were determined on a HPLC Shimadzu system equipped with
UV, a Optilab® rEX differential refractometer, and multiangle light-scattering
DAWN® 8TM (Wyatt Technology, USA) detector. A 0.3 M acetate buffer
(CH3COONa/CU3COOH; pH 6.5) and TSKgel G6000PW column were used.
The obtained values, together with polydispersity and mean NIPMAm sequence
length, are shown in Table 6.1. Table 6.1 also shows the real composition of
copolymers as determined from 1H NMR spectra at temperatures below the phase
transition. Signals corresponding to CH protons of NIPMAm units, CH2 protons
of NIPMAm units as well as to CH and CH2 protons of AAm units (cf. Figure
7.1) were used to determine the composition of the copolymers. The molar ratio
of NIPMAm and AAm units were calculated using the relation:

[NIPMAm]

[AAm]
=

3ICH

ICH2
− 2ICH

, (6.1)

where ICH and ICH2
are integrated intensities of the signal CH and CH2 of NIP-

MAm, respectively. From Table 6.1 it follows that in all the cases the content
of AAm units in the copolymer is somewhat lower than the content of AAm in
the respective reaction mixture, thus indicating that AAm is less reactive than
NIPMAm.

Composition of Composition of Molecular Molecular Poly- Mean NIPMAm Polymeri-
the copolymer reaction mixtures weight weight dispersity sequence length zation

(NIPMAm/AAm (NIPMAm/AAm Mw Mn Mw/Mn nNIPMAm
a degree

molar ratio) monomer ratio) (g/mol) (g/mol)
100/0 100/0 136 300 37 140 3.67 - 292
99/1 95/5 969 300 626 900 1.55 100 4 936
94/6 85/15 778 800 462 800 1.68 16.7 3 732
84/16 75/25 123 800 49 800 2.48 6.3 422

Table 6.1: Molecular characteristics of investigated samples of PIPMAm, and
P(IPMAm/AAm) copolymers. na

IPMAm = (1 − [NIPMAm])−1, where [NIP-
MAm] is molar fraction of NIPMAm units [9].
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6.1.2 IPN PNIPMAm/PNIPAAm and PVCL/PNIPAAm

Materials
N-isopropylmethacrylamide (NIPMAm) (Aldrich), Poly vinyl chloride (PVCL)
(Aldrich) and NIPAm (Aldrich) were purified by sublimation. N, N ′- methylenebis-
acrylamide (MBAAm) (Fluka), 2,2’- Azobis(2-methylpropionitrile) (ABIN) (Flu-
ka) and 2-hydroxy- 2-methylpropiophenone (Darocur 1173) (Fluka) were used
as received. Ethylidene-bis-3(N -vinyl-2-pyrrolidone) (EBVP) was synthesized by
procedure given in ref. [36].

Preparation of IPNs
The first network of PNIPMAm/PNIPAAm IPN, PNIPMAm was prepared ther-
mally from reaction mixture containing 10 wt.% solution of NIPMAm, with cross-
linking agent MBAAm (8.2 mol% related to monomer) and initiator ABIN. For
PVCL/PNIPAAm IPN the first network PVCL was prepared thermally from re-
action mixture containing 10 wt.% solution of NIPMAm, with cross-linking agent
EBVP. The polymerization was carried out in ethanol under nitrogen atmosphere
at 60 °C for 24 h in sealed glass ampoules (cylinders) or in templates (plates).
Unreacted monomer was repeatedly washed out by ethanol. Subsequently, the
first network was swollen in the ethanol solution of monomer NIPAm (20 wt.%),
with photoinitiator 2-hydroxy-2-methylpropiophenone (Darocur 1173) and cross-
linking agent MBAAm (1.25 mol% related to monomer) in refrigerator and 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.
Two of the samples under study were prepared as cylinders with diameter of 25
mm and the other two as plates with height approximately of 2.5 mm, see Table
6.2. The final interpenetrating networks were repeatedly washed and reswollen
by distilled water, and finally reswollen in D2O.

Composition of Real composition determined
reaction mixtures from 13C NMR spectra Swelling ratio Shape

(PNIPMAm/PNIPAm (PNIPMAm/PNIPAm 300 K 320 K
monomer ratio) molar ratio)

75/25 46/54 9.7 0.3 plate
68/32 43/57 6.7 0.2 cylinder
68/32 39/61 10.6 0.3 cylinder
47/53 22/78 12.7 0.3 plate

Table 6.2: Characteristics of PIPMAm/PIPAAm IPNs: compositions, swelling
ratio below and above the phase transition and initial shape after synthesis.

6.2 Experimental settings

6.2.1 NMR

All 1H NMR measurements were performed with a Bruker Avance 500 spectrom-
eter operating at 500.1 MHz. Typical conditions were as follows: π/2 pulse width
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Composition of Real composition determined
reaction mixtures from 13C NMR spectra Swelling ratio Shape
(PVCL/PNIPAm (PVCL/PNIPAm 300 K 320 K
monomer ratio) molar ratio)

30/70 54/46 13.2 0.91 cylinder
30/70 50/50 12.9 0.78 cylinder

Table 6.3: Characteristics of PVCL/PIPAAm IPNs: compositions, swelling ratio
below and above the phase transition and initial shape after synthesis.

of 14 µs, relaxation delay of 10 s for copolymers and 20 s for hydrogels, spectral
width of 5 kHz, acquisition time of 1.64 s, 8 scans. The integrated intensities
were determined with spectrometer integration software with an accuracy of ±1
%. 13C NMR spectra were measured on the same spectrometer at 125.7 MHz;
they were accumulated with 512 or 10 000 scans with relaxation delay of 80 and
15 s, respectively, and spectral width of 30 kHz under full proton decoupling. A
13C pulse duration of 9.5 µs was applied for the π/2 pulse. For selected sam-
ple, 13C NMR spectrum with inverse gated-decoupling was measured as well to
suppress nuclear Overhauser effect. In all measurements, temperature was main-
tained constant within ±0.2 K using a BVT 3000 temperature unit. The samples
were kept at the experimental temperature always for 15 min before the measure-
ment. The 1H spin–spin relaxation times T2 of HDO were measured on samples
in degassed and sealed NMR tubes using the same instrument and the CPMG
pulse sequence with td = 0.5 ms, relaxation delay 100 s and 8 scans. The total
time for T2 relaxation was an array of ∼35 values. The relative error for T2 val-
ues did not exceed ±5%. The self–diffusion coefficients of HDO molecules were
measured using double stimulated echo sequence with bipolar gradients pulses
and spoil gradients. Sine–shaped gradient pulses were used with a duration of
2 ms together with a diffusion time of 30 ms. Data were accumulated by lin-
early varying the diffusion encoding gradients over a range from 2% to 95% of
maximum gradient strength 0.533 Tm−1 for 32 gradient increment values. The
gradient pulses were calibrated on a water sample (1% H2O in D2O) under the
experimental conditions used on IPN hydrogels. Solutions of copolymers with
polymer concentration c = 5 wt% in D2O (Sigma, 99.9% of deuterium) and in
D2O/EtOH and D2O/acetone mixtures were prepared and filled into 5-mm NMR
tubes, which were then degassed and sealed under nitrogen. The hydrogels were
cut in blocks and put into the NMR tubes filled with D2O.

6.2.2 DSC

DSC measurements were carried out using differential scanning calorimeter Pyris
1 (PerkinElmer). The measurements were done with the heating rate 2 K/min
in the temperature range from 295 to 350 K, depending on the sample type
(copolymer or hydrogel).
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6.2.3 Optical microscopy

Optical microscope photography was carried out under nitrogen atmosphere using
a Nikon Eclipse 80i with camera PixeLINK PL-A662 and temperature-controlled
cell Linkam LTS350, blow through with nitrogen. Measurements were made on
thin samples of IPNs, inserted with some water between microscope slide and
cover glass, used objective Nikon LU Plan ELWD Ö50. The heating rate was of
1 K/min and after each Kelvin 1 min of equilibrating followed. The pictures were
then analyzed with Xfig editor in order to determine the area of the hydrogel
samples.

6.2.4 Dynamic mechanical spectroscopy

Dynamic mechanical measurements were performed using the Bohlin CVOR 200
rotational rheometer equipped with normal force transducer. Small-strain oscil-
latory shear measurements were performed in the frequency range from 0.03 to
30 Hz at various constant temperatures. Shear strain was less than 1 % during
the whole measurement. Frequency dependences of the storage G′ and loss G′′

moduli as well as loss tangent tan δ = G′/G′′ were determined at each tempera-
ture. Frequency sweep tests were carried out in stress control mode, the control
stress was varied with the change of sample storage modulus from 5 to 500 Pa to
maintain low shear strain.

The swollen sample diameter at room temperature was always 25 mm with
exception of sample with PNIPMAm/PNIPAm composition 46/54, where it was
only 20 mm. The sample thickness at room temperature varied between 2.2 and
2.8 mm. All measurements were performed in shear with plate-plate geometry
on swollen samples immersed in water during the test and tempered on desired
temperature for 30 min. Before measurement sample was carefully dried on both
sides to prevent slipping of the rheometer plates on the water layer. Measurements
were done with the water around the lower plate. The presence of water did not
influence the measured values (additional friction of rotating part was negligible).

For the evaluation of obtained data, values measured at frequency 0.75 Hz were
used. Because of the fragility of samples, there was no possibility to use any touch
gauge for measuring the diameter. In order to determine the diameter of samples
in dependence on temperature, the sample photographs at each temperature were
made. Measured stress and strain were calculated with real dimension of the
sample.

6.2.5 Viscosity

We used Anton Paar, Physica MCR 301 with the plate-plate geometry, located
in ”Petru Poni” Institut of Macromolecular Chemistry in Romanian Iasi. The
upper plate has diameter of 25 mm (mark PP25-SN15775). We measured the
temperature dependency of viscosity of 1 wt-% samples of copolymers in two
times distilled water and water/acetone and water/ethanole mixtures (the same
samples as by DLS). The experimental conditions were: distance of the plate
= 1 mm, 121 measured poins/min, speed of heating = 2 oC/min, the speed of
deformation was constant at 50/s, FN = 0, fixed meas. duration = 0.20833. The
volume of measured sample was 1 ml.
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6.2.6 Dynamic light scattering (DLS)

The used device was Zetasizer Nano NS from the Malvern company, located in
”Petru Poni” institut of Macromolecular Chemistry in Romanian Iasi. 1 wt-
% samples, dissolved in two times distilled water and water/acetone and wa-
ter/ethanol mixtures were filled in 4 ml cuvettes. They were gradually heated.
Each 2 oC, after 10 minutes equilibrating, the measurement was done.
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7. Results and discussion -
copolymers P(NIPMAm/AAm)
in D2O

7.1 NMR

7.1.1 NMR spectrum

Figure 7.1 shows high-resolution 1H NMR spectra of D2O solution (c = 5 wt.%)
of P(NIPMAm/AAm) copolymer (NIPMAm/AAm = 84/16) measured under
the same instrumental conditions at two temperatures (298 and 340 K). The
assigments of resonances to various proton types are shown directly in the spectra.
Weak peaks at 1.29 and 3.63 ppm are due to residual ethanol. The most important
effect observed in the spectrum measured at higher temperature (340 K) is a
marked decrease in the integrated intensities of all polymer lines. Only a small
peak of (CH3)2 protons of NIPMAm remains, other signals of the NIPMAm
component allmost dissapeared. While at 298 K the copolymer is dissolved and
all chains are mobile, at 340 K, above the LCST, the solution is phase separated,
shows a milk-white turbidity. Mobility of most of NIPMAm copolymer units
in separated polymer chains in rather compact mesoglobules is reduced to such
extent that the corresponding lines become too broad to be detected in high-
resolution NMR spectra measured using a liquid-state spectrometer.

Figure 7.1: 1H NMR spectra of NIPMAm/AAm = 84/16 copolymer in D2O
solution (c = 5 wt.%) measured at 298 K (left) and 340 K, under the same
instrumental conditions.

7.1.2 Ratio of AAm and NIPMAm component

The real composition of copolymers at room temperature were determined from
13C spectra as it is described in the Samples chapter (6.1). Now we will look at the
composition n mobile part above phase separation. Though the analysis of the
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phase-separation of AAm units in P(NIPMAm/AAm) copolymers is complicated
by the fact that CH and CH2 signals of AAm units overlap with signal of NIPMAm
units (cf. Fig. 7.1), the phase-separated fraction p of AAm units can be obtained
via composition of the part which is directly detected in 1H NMR spectra at
temperatures above the phase transition. We made this analysis for copolymers
P(NIPMAm/AAm)=94/6 and 84/16 where the content of AAm units is not too
small (cf. Table 6.1).

By using Eq. 6.1 we have found that for 75/25 copolymer the NIPMAm/AAm
molar ratio in the mobile part which is directly detected in 1H NMR spectrum at
345 K, i.e. at temperature above the phase transition, is (NIPMAm/AAm)above
= 63/37, while the real composition of this sample as determined at 310 K (below
the phase transition) is (IPMAm/AAm)real = 84/16 (cf. Table 6.1). Similar-
ly we have found for 85/15 copolymer that the NIPMAm/AAm molar ratio in
nonseparated part which is directly detected in 1H NMR spectrum at 334 K is
(NIPMAm/AAm)above = 75/25 while the real composition of this sample as
determined at 310 K is (NIPMAm/AAm)real = 94/6. For both copolymers the
higher values of the AAm fraction in the part directly detected in NMR spectra
at temperatures above the phase transition in comparison with their real com-
position indicate that the phase–separated fraction of AAm units is significantly
smaller than the phase–separated fraction of NIPMAm units.

The molar fraction of AAm units in the part directly detected in NMR spectra
above the phase transition is given by the relation

(AAm)above = (1 − pNIPMAm)(NIPMAm)real

(

AAm

NIPMAm

)

above

, (7.1)

where (NIPMAm)real is the real molar fraction of NIPMAm units in the copoly-
mer determined at temperature below the phase transition, For the 75/25 copoly-
mer we obtained (AAm)above = (1 - 0.68) × 0.84 × (37/63) = 0.16. This value
is the same as the real molar fraction of AAm units in the copolymer. Hence,
all AAm units are visible in the 1H NMR spectrum measured at the temperature
above the phase transition. Therefore, the fraction of phase-separated AAm units
pAAm = 0. Also for the 85/15 copolymer, the molar fraction (AAm)above = (1 -
0.77) × 0.94 × (25/75) = 0.07 is virtually the same as the real molar fraction
of AAm units in the copolymer (0.06). These results show that virtually all hy-
drophilic AAm units show high mobility even at temperatures above the phase
transition. Because these AAm units are incorporated in polymer chains form-
ing phase separated globular structures, their rather high mobility implies that
they are hydrated. The finding that AAm units in the copolymer retain a high
mobility at temperatures above the phase transition throws light upon a part of
NIPMAm units, which retain high mobility above the phase transition (fraction
(1 - (pNIPMAm)max), which increases with increasing content of AAm units in
the copolymer (cf. Fig. 7.3). We assume that these units are in short hydrated
NIPMAm sequences surrounding the AAm sequences while only sufficiently long
NIPMAm sequences show cooperative phase transition. These long NIPMAm
sequences are dehydrated and their mobility is strongly reduced. The overall
picture is consistent with mesoglobules that are rather porous and disordered, as
can be seen in the sketch on Figure 7.2.
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Figure 7.2: Schematic illustration of mesoglobules in aqueous solutions of PNIP-
MAm (blue) homopolymer and P(NIPMAm/AAm) random copolymers.

7.1.3 Fitting of NMR data – 2-step phase transition

The temperature dependence of p-factor of the studied copolymers is in Figure
7.3. Here the measured points are fitted with equation (5.8), in order to analyze
the difference in appearance of the p(T ) dependence for the homopolymer PNIP-
MAm and for the three P(NIPMAm/AAm) copolymers. For the homopolymer
PNIPMAm the shape of p(T ) dependence has a one-step character and can thus
be described by the simple equation (5.4). The fitting parameters are in the
Table 7.1. On the other hand, the phase transition of the copolymer samples
exhibits two step character and needs to be fitted with equation (5.8), set of ob-
tained fitting parameters are listed in Table 7.1. (The meaning of the parameters
is described in Processing methods chapter.) The individual fits with depicted
parameters for each sample are in Figure 7.4.

It follows from the p(T ) dependences in Figure 7.3 and fitting parameters in
Table 7.1, that with increasing content of hydrophilic AAm units in the copoly-
mer the phase transition significantly shifts towards higher temperature. The
transition broadens, and the maximum value of phase-separated fraction pmax of
NIPMAm units is reduced [41].
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Figure 7.3: Temperature dependences of the p-fraction of NIPMAm units in D2O
solutions of PNIPMAm homopolymer and P(NIPMAm/AAm) copolymers with
various composition.

7.1.4 Van’t Hoff equation

The temperature dependences of p-fraction shown in Figure 7.4 can be also used
for the determination of the enthalpy ∆H end entropy ∆S changes during phase
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NIPMAm pmin pmean pmax ∆p ∆pI ∆pII TNMR
I TNMR

II 4kI 4kII

/AAm (K) (K) (K) (K)

100/0 0.03 – 0.95 0.92 – – 316.1 – 2.3 –
99/1 0.03 0.39 0.89 0.86 0.36 0.50 317.2 321.6 3.1 14.6
94/6 0.04 0.29 0.80 0.76 0.25 0.51 323.2 329.4 4.3 21.7
84/16 0.05 0.16 0.58 0.53 0.11 0.42 330.8 332.8 5.1 23.9

Table 7.1: Fitting and calculated parameters from temperature dependences of
phase-separated fraction of NIPMAm units.
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Figure 7.4: Temperature dependences of the p-fraction of NIPMAm units in D2O
solutions of PNIPMAm homopolymer and P(NIPMAm/AAm) copolymers with
various composition, fitted with equation (5.8) for copolymers and (5.4) for the
homopolymer with depicted fitting parameters (cf. Figure 5.2).

transition, as it is described in the Processing methods chapter (5). In Figure
7.5, there are plotted the dependences of Rln(p/(1 − p)) on (−1/T ), from which
the ∆H and ∆S can be determined, using equation (5.9). In accordance with
the previous fit of p(T ) according to equation (5.8), also van’t Hoff dependences
showed two linear regions for all copolymer samples; for PNIPMAm homopoly-
mer, we found only one linear region. Bounds of the fitted regions in Figure 7.5
are marked by circles for the first region and squares for the second one. The
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same regions are shown also in p(T ) plots in order to see, how much the p-fraction
changes within the regions. The fitted thermodynamical quantites are in Table
7.2. While in the first region the p-fraction changes rapidly and the changes
of enthalpy and entropy are significant; in the second region the p-fraction in-
creases slowly to maximum value and the fitted thermodynamical quantities are
smaller. As it is obvious from the Table 7.2 the enthalpy and entropy values cor-
responding to this region, are approximately one order of magnitude lower than
respective contributions of the first region. Evidently, the origin of the first region
is connected with the breakdown of hydrogen bonds between polymer and water
and disruption of hydrophobic hydration [64, 58]. The second region is related
obviously with copolymer character of polymer chains.
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Figure 7.5: Two regions of the van’t Hoff plot depicted also in p(T ) plot for
the phase transition in homopolymer PNIPMAm and P(NIPMAm/AAm)= 99/1,
94/6 and 84/16 copolymers (from top to bottom). Boundaries of low-temperature
(fitI) and high-temperature (fitII)) regions are marked by circles and squares,
respectively.
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NIPMAm ∆HI ∆SI ∆HII ∆SII

/AAm [kJ/mol] [kJ/(K mol)] [kJ/mol] [kJ/(K mol)]

100/0 1 490 ± 200 4.72 ± 0.65 – –
99/1 525 ± 31 1.64 ± 0.10 45.8 ± 3.6 0.15 ± 0.01
94/6 506 ± 57 1.55 ± 0.18 98.5 ± 6.9 0.30 ± 0.02
84/16 233 ± 26 0.69 ± 0.08 62.6 ± 6.6 0.18 ± 0.02

Table 7.2: Fitted and calculated parameters from van’t Hoff plot for the phase
transition in homopolymer PNIPMAm and P(NIPMAm/AAm)= 99/1, 94/6 and
84/16 copolymers.

7.1.5 Phase separation in mixed solvents

The temperature dependence of p–factor of the studied copolymers in mixed
solvents D2O/EtOH and D2O/acetone are shown in Figure 7.6. For PNIP-
MAm homopolymer it follows from Figure 7.6 (left) that the phase transition
in D2O/EtOH mixed solvent containing 20 vol% of EtOH appears at 307 K, i.e.,
at the temperature which is by 9 K lower in comparison with the D2O solution.
At the same time, the maximum value of the phase–separated fraction pmax

∼= 1
in both cases. Similar behaviour was observed also for the P(NIPMAm/AAm)
= 99/1 copolymer where the transition temperature in D2O/EtOH containing 20
vol% of EtOH is ca. 7 K lower than in the D2O/EtOH containing 10 vol% of
EtOH while pmax

∼= 1 for both systems (cf. Figure 7.6). For P(NIPMAm/AAm)
= 94/6 copolymer in D2O/EtOH = 80/20 mixed solvent the transition shifts
towards higher temperatures, it is broader and the maximum phase-separated
fraction pmax is significantly reduced. No phase separation was detected for this
copolymer in D2O/EtOH containing 40 vol% of EtOH, for P(NIPMAm/AAm)
= 84/16 copolymer in D2O/EtOH = 80/20 mixed solvent as well as for copoly-
mers with higher AAm fractions and/or higher EtOH contents in the mixed sol-
vent. The shift of the LCST towards lower temperatures was previously reported
for PNIPAAm solutions in water/methanol mixtures with the methanol content
below 50 vol% and explained by the cononsolvent character of these mixtures
[88]. On the other hand, the described behaviour is in contrast to what was
observed with PVME solutions in D2O/ethanol mixtures where the transition
region continuously shifts towards higher temperatures and the maximum values
of the phase-separated fraction pmax decrease with increasing EtOH content in
the D2O/EtOH mixture [30].

For the P(NIPMAm/AAm) = 99/1 in D2O/acetone mixed solvent the transi-
tion temperature was virtually the same for the solvents containing 20 and 40 vol%
of acetone, but the maximum phase-separated fraction pmax was significantly low-
er in the latter case. A further increase in the acetone fraction in D2O/acetone
reduced the pmax and shifted the transition of this copolymer towards higher
temperatures (Figure 7.6 right). From this figure it also follows that virtually
no phase separation was found for theP(NIPMAm/AAm) = 94/6 copolymer in
D2O/acetone mixture containing 40 vol% of acetone, and for P(NIPMAm/AAm)
= 84/16 copolymers in D2O/acetone = 80/20 mixed solvent.
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Figure 7.6: Temperature dependences of the phase–separated fraction p as deter-
mined from integrated intensities of the CH line of NIPMAm units in PNIPMAm
and P(NIPMAm/AAm) copolymers with various NIPMAm/AAm monomer ra-
tios in the polymerization mixture in D2O/EtOH (left) and D2O/acetone solu-
tions of various EtOH/D2O and D2O/acetone volume composition.

We assume that the described complex behaviour of PNIPMAm and P(NIPM-
Am/AAm) copolymers in D2O/EtOH solutions is mainly in connection with
cononsolvency effects where water–EtOH interactions (hydrogen bonds) are pre-
ferred to polymer–water hydrogen bonds. However, it is clear that the presence
of AAm units in the copolymer chains weakens the resulting cononsolvency ef-
fect. Among others, this manifests itself by the fact that while for PNIPMAm
homopolymer the largest cononsolvency effect was found at 298 K in D2O/EtOH
mixture containing 40 vol% of EtOH (p ≈ 1) [39, 72], for the P(NIPMAm/AAm)
= 84/16 copolymer in the same mixed solvent p ≈ 0 not only at 298 K, but in the
whole temperature range. The different behaviour of PNIPMAm homopolymer
and P(NIPMAm/AAm) copolymers on the one hand and PVME on the other can
be associated with the fact that while polymer– polymer hydrogen bonds might
be formed between NIPMAm sequences in the globular state, as shown by in-
frared spectroscopy for aqueous solutions of PIPMAm and P(NIPMAmco- MNa)
copolymers [50, 77], similar polymer–polymer hydrogen bonding cannot exist in
PVME solutions. Moreover, the thermodynamic quality of the components of
the mixed solvent relative to polymer is probably also important.

7.2 DSC

7.2.1 Optimalization of DSC experiments

Before the DSC measurements started, the experimental conditions were neces-
sary to be tuned as follows:� Heating thermograms for 1st, 2nd, and 3rd cycle are almost the same, so we

use only the first cycle.� Heating thermograms are reproducible for different samples of the same
copolymer.
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� The heating speed of 1 and 2 �/min gives similar results, whereas for
5 �/min the peak is shifted to higher temperatures, probably because the
polymer did not have time to collapse. We chose the speed of 2 �/min,
because the results did not differ significantly from the speed of 1 �/min.� Heating thermograms are similar for samples in D2O and H2O.� Experiments with empty pan and 18 mg of D2O as reference run similarly,
peak area was quite the same, but the thermogram with D2O as reference
was shifted about 1 � to the higher temperatures. We chose the empty
pan as reference. This method is also recommended in [34].� Heating thermograms for 5 wt % solution had smaller peaks than the for
10 wt %. Therefore we chose the higher concentration with better resolved
peaks.

In all DSC experiments we work only with heating thermograms, similarly as in
other methods.

7.2.2 DSC results

The thermograms for all measured samples are in Figure 7.7. We can observe clear
endothermic transition upon heating, which is symmetrical for the homopolymer
PNIPMAm, whereas for the copolymers it is broadened in the high temperature
side. Narrow and symmetrical peak was observed for transition of aqueous so-
lution of linear PNIPMAm as well as for PNIPAm (e.g. [83, 82]). Such a peak
shape is probably connected with the formation of relatively small globular ag-
gregates with narrow size distribution as was reported for PNIPMAm [7]. The
asymetrical peaks observed in Figure 7.7 for the copolymers may be caused by
the heterogenity of the mesoglobules.

From DSC thermograms, the onset and peak temperatures Ton and Tpeak, as
well as the enthalpy of the transition for the thermograms were determined (Table
7.3). Similarly, as we observed by NMR spectroscopy, we can see that the critical
temperatures increase with the increase of AAm in the copolymer. The enthalpy
changes similarly as pmax value (cf. Table 7.1); it decreases with with increasing
content of AAm in copolymer.

NIPMAm/AAm Ton Tpeak ∆HDSC

(K) (K) (J/g of polymer)

100/0 316.0 318.0 32.6
99/1 316.7 318.2 30.7
94/6 322.8 324.6 16.2
84/16 329.9 332.5 9.2

Table 7.3: Parameters obtained from DSC thermograms.
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Figure 7.7: DSC thermograms for the phase transition in homopolymer PNIP-
MAm and P(NIPMAm/AAm)= 99/1, 94/6 and 84/16 copolymers. The lines are
verticaly shifted.

7.2.3 Comparison of NMR and DSC data

In Figure 7.8, temperature dependence of p-fraction and DSC thermogram for
P(NIPMAm/AAm) = 84/16 copolymer is shown. It is clear from the figure, that
transition regions as detected by NMR and DSC correspond to each other (see
the correlation of the dotted and dashed vertical lines). The critical temperatures
determined from both experimental methods for all samples are in Figure 7.9.
We can see that DSC onset temperature Ton and the first fitted NMR critical
value TNMR

I argee with each other for all samples. This means that the same
phenomenon is responsible for the reduction of polymer chain mobility monitored
by NMR intensities and for the interaction changes giving rise to an endothermic
DSC peak.
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Figure 7.8: Temperature dependence of p-fraction determined from NMR spectra
(crosses – experimental data, dashed line - fit with equation (5.8)) and DSC
thermogram (solid line) for the copolymer P(NIPMAm/AAm) = 84/16. The
temperature of phase transition is marked with dots for NMR data (TNMR

I,II in
equation (5.8)) and dots-and-dash for the onset and peak temperature determined
by DSC.
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Figure 7.9: The dependence of the transition temperatures determined by NMR
and DSC as function of molar fraction of AAm units in the copolymer.

7.2.4 The size of domains

The enthalpy changes, determined from van’t Hoff plots, can be related to the
cooperativity of the phase transition if macromolecule is viewed as composed of
independent cooperative units [60, 83]. The number of monomer units in one
cooperative unit (domain) can be easily calculated as

number of monomer units =
∆HNMR(J/mol of coop. u.)

∆HNIPMAm
DSC (J/mol of monomer u.)

. (7.2)

For the calculation, the measured DSC values ∆HDSC in (J/g of polymer) need
to be recalculated to mol of monomer units (kJ/mol of monomer u.).

Table 7.4 contains enthalpies of the phase transition obtained from van´t Hoff
plots using NMR experimental data and from DSC measurements. The NMR
value ∆HNMR = 1.49 MJ/mol (cooperative unit) for PIPMAm and it is decreasing
to 0.23 MJ/mol (coop. u. ) for P(NIPMAm/AAm) = 84/16 copolymer. For
PIPMAm homopolymer, the DSC enthalpy value ∆HDSC = 32.6 J/g (polymer)
can be recalculated to mol of monomer units, ∆HDSC = 4.14 kJ/mol (mon.u.).
We assume that also for copolymer samples this value holds for each IPMAm
monomer unit contributing to the total change of the enthalpy. From the ratios
∆HNMR /4.14 the number of monomer units in one cooperative unit (domain)
can be determined (cf. Table 7.4).

From the number of monomer units in domain average number of cooperative
units in one polymer chain can be calculated:

number of domains =
PD

number of monomer units
, (7.3)

where PD is the polymerization degree (number of monomers in polymer chain)

PD =
Mn

Mmonomer

. (7.4)

Mmonomer is the weight of one monomer unit. For PNIPMAm Mmonomer is 127.2
g/mol, for AAm 71.1 g/mol and for the copolymers we use the percentage ratio
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of both comonomers

Mcopolymer monomer =
%NIPMAm MNIPMAm + %AAm MAAm

100
. (7.5)

NIPMAm/ ∆HDSC ∆HNMR Number of Average number of
Aam (J/g of (MJ/mol monomer units domains

polymer) cooperative unit) in domain in one polymer chain

100/0 32.6 1.49 360 1
99/1 30.7 0.53 128 39
94/6 16.2 0.51 123 30
84/16 9.2 0.23 56 7

Table 7.4: Enthalpy obtained from DSC and NMR experimental data, number
of monomer units in the domain and average number of domains.

For the PNIPMAm homopolymer the number of monomer units in one do-
main is 360 (see Table 7.4), which agrees quite well with the average degree of
polymerization (292) (Tab. 6.1), showing that for the homopolymer the whole
chain is one domain. From Table 7.4 it follows, that the size of domain de-
creases with increasing content of AAm units in the copolymer. However, the
percentage size of cooperative unit (if we set the value for PNIPMAm as 100 %)
decreases faster than the amount of PNIPMAm in the copolymer. Similar depen-
dence can be seen for the change of p-fraction and ∆HDSC in Figure 7.10. The
numbers of monomer units in one domain (Table 7.4) is higher than the mean
NIPMAm sequence length (Table 6.1), especially for P(NIPMAm/AAm) = 94/6
and 84/16 copolymers. Therefore single AAm units need to be also incorporated
in the domain. It is also possible to calculate the average number of cooperative
units in one polymer chain (equation 7.3), see Table 7.4. These values, for the
copolymers, are in broad range from 7 for P(NIPMAm/AAm) = 84/16 copoly-
mer to 39 for P(NIPMAm/AAm) = 99/1 copolymer, due to the large difference
in molecular weight Mn of the investigated copolymers. In the copolymers, the
individual domains are formed due to short AAm sequences, which interrupt the
continuous NIPMAm sequences. These short AAm sequences are hydrated and
prevent the copolymer from total packing into a globule. Therefore copolymer
chains create heterogeneous globular structures with pores where additional wa-
ter molecules can be accomodated as indicated by NMR relaxation measurement
of water (HDO) molecules [70]. A sketch of the difference between PNIPMAm
homopolymer and the P(NIPMAm/AAm) copolymers globular structure is in
Figure 7.2. This picture is also verified by the fact that there is a good correla-
tion between fraction of mobile NIPMAm units (fraction 1-(pNIPMAm)max; Tab.
7.1) and fracion of NIPMAm-AAm diads [70].

7.3 Diffusion

Using NMR spectroscopy we have measured the diffusion of water molecules of
the PNIPMAm homopolymer and P(NIPMAm/AAm) = 99/1 copolymer aque-
ous solutions and of P(NIPMAm/AAm) = 99/1 copolymer dissolved in mixed
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Figure 7.10: NMR and DSC measures of the phase transition ∆p and ∆H as
function of the molar fraction of AAm units in the copolymer. The values are
related to D2O solution of the PNIPMAm homopolymer. Points (star) show
values of the molar fraction of NIPMAm units.

solvent D2O/EtOH = 80/20. The process of calculating the diffusion coefficient
is described in the Processing method chapter.

Figures 7.11 shows dependences of intensities on gradient strength for three
peaks of solution in sample P(NIPMAm/AAm) = 99/1 dissolved in mixed sol-
vent D2O/EtOH = 80/20 at temperatures below (300 K) and above (315 K)
the phase transition. The dependences for the other two measured samples,
P(NIPMAm/AAm) = 99/1 and PNIPMAm dissolved in H2O look similar. The
data were fitted with the function (5.11) and the diffusion parameters are in Table
7.5.

From the results in Table 7.5 it is clear that the phase transition does not sig-
nificantly influence the diffusion coefficient of solvent; higher values of D at 315 K
corresponds to higher diffusion rate of solvent molecules at elevated temperatures.

NIPMAm H2O measured Dbelow Dabove

/AAm /EtOH group (10−9 m2/s) (10−9 m2/s)

100/0 100/0 OH 1.93 3.42
99/1 100/0 OH 1.87 3.45
99/1 80/20 OH 1.42 2.54
99/1 80/20 CH2 0.64 1.12
99/1 80/20 CH3 0.66 1.02

Table 7.5: Diffusion coefficients of water and ethanol at temperatures 300 and
315 K as obtained for copolymer solutions. The mixed signal comes from wate
and ethanol, CH2 and CH3 signals belong to ethanol

7.4 Viscosity

Figure 7.12 shows viscosities for the phase transition in homopolymer PNIPMAm
and P(NIPMAm/AAm)= 99/1, 94/6 and 84/16 copolymers and for the phase
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Figure 7.11: Results of the diffusion experiment for P(NIPMAm/AAm) = 99/1
copolymer dissolved in mixed solution D2O/EtOH = 80/20 for temperatures be-
low (300 K) and above (315 K) phase transition for three solvent NMR peaks.
The data are fitted with the equation 5.11.

transition of P(NIPMAm/AAm) = 94/6 copolymer in water and mixed solvent
H2O/acetone and H2O/EtOH = 80/20. (Control experiment showed that the
viscosity does not depend on the choice of normal or heavy water.) Because the
dependences look similar as dependency of the p-factor, we use the same fitting
equation. The fitting of PNIPMAm, as an example, is in Figure 7.13. The results
of the fit are in Table 7.6.

At room temperature the viscosity of all samples is about 2 mPa s. At the
temperature of phase transition there is a significant increase of the viscosity
evidently caused by packing of the polymer chains into globules with restricted
mobility. The increase in viscosity ηmax in Fig. 7.12 and Table 7.6 corresponds to
pmax values in Table 7.1. For PNIPMAm viscosity increases to 70 mPa s (pmax =
0.95), for P(NIPMAm/AAm) = 99/1 and P(NIPMAm/AAm) = 94/6 to 24 mPa
s (pmax = 0.89 and 0.80, respectively) and for P(NIPMAm/AAm) = 84/16 the
increase is only 2 mPa s (pmax = 0.58). The results of P(NIPMAm/AAm) = 94/6
copolymer in water mixtures H2O/acetone and H2O/EtOH = 80/20 correspond
to temperature dependences of p–fraction (Figure 7.12 right). If we compare
critical temperatures as detected by NMR and viscosity measurements, we can
see that the change in viscosity occurs at higher temperature. It is probably
connected with the interaction changes during phase separation. First, the water
hydrogen bonds break and mobility of the polymer molecules decrease, which is

58



280 300 320 340 360
10

0

10
1

10
2

T (K)

η 
[m

P
a 

s]

 

 

NIPMAm/AAm
100/0
99/1
94/6
84/16

280 300 320 340 360
10

0

10
1

10
2

T (K)

η 
[m

P
a 

s]

 

 

H
2
O

H
2
O/acetone

H
2
O/EtOH

Figure 7.12: Temperature dependences of the viscosity for the phase transition
in homopolymer PNIPMAm and P(NIPMAm/AAm)= 99/1, 94/6 and 84/16
copolymers (left) and for the phase transition of P(NIPMAm/AAm) = 94/6
copolymer in water and mixtures H2O/acetone and H2O/EtOH = 80/20.
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Figure 7.13: Example of temperature dependences of the viscosity for the phase
transition in homopolymer PNIPMAm in water, fitted with the equation for p–
factor.

detected in NMR, and then the globules are formed and viscosity increases. This
increase in viscosity is also much steeper that the increase of p–fraction measured
by NMR.

7.5 Dynamic light scattering (DLS)

All samples were measured in twice distilled H2O, moreover PNIPMAm was mea-
sured also in D2O. The phase transition, determined from count rate and increase
of the hydrodynamic diameter, occurs for normal and heavy water at almost the
same temperature. Therefore we can compare DLS measurements of samples in
H2O with the NMR results.

The temperature of phase transition can be determined from DLS from the
temperature dependence of count rate (Figure 7.14 right), which looks similar
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NIPMAm solvent Tη ηmin ηmax ∆η 4k
/Aam (K) (mPa s) (mPa s) (mPa s) (K)

100/0 H2O 321 2 69 67 0.5
99/1 H2O 321 3 24 21 0.6
94/6 H2O 327 5 24 19 1.8
84/16 H2O 347 1 3 2 0.4
94/6 H2O/acetone 328 3 22 19 0.9
94/6 H2O/EtOH 331 3 15 13 2.3

Table 7.6: Fitted parameters for the viscosity for the phase transition in ho-
mopolymer PNIPMAm and P(NIPMAm/AAm)= 99/1, 94/6 and 84/16 copoly-
mers and for the phase transition of P(NIPMAm/AAm) = 94/6 copolymer in
water and mixtures H2O/acetone and H2O/EtOH = 80/20.

as p–factor (Figure 7.14 left), or from intensity distribution (Figure 7.15) – here
we take the temperature of the first appearance of one peak (Figure 7.16). The
temperatures equal each other and they are 2 to 3 oC higher than the LCST
determined by the fit of p–factor(T).
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Figure 7.14: The temperature dependences of p-factor (NMR) and count
rate (DLS) for the phase transition in homopolymer PNIPMAm and
P(NIPMAm/AAm)= 99/1, 94/6 and 84/16 copolymers. The vertical lines are
the temperatures of phase transition; in p–factor the fitted LCST (cf. Table 7.1),
in DLS determined by eye and they are the same as the first appearance of one
(wide) peak in the intensity distribution.

From the intensity distribution we can see that at low temperatures there are
two or three peaks (size fraction). Above the phase transition the peaks merge in
one broad peak which for some samples gets narrow. At room temperature the
hydrophilic parts located at the side chains of the polymers are connected with
water molecules through hydrogen bonds. With increasing temperature water
starts to become a poor solvent for the PNIPMAm and the copolymer backbone
chains. Above LCST, the shell of the structured water molecules around the
hydrophobic groups are destroyed and large aggregated particles are formed [90].
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Figure 7.15: Intensity distributions of hydrodynamic diameter for different tem-
peratures for the homopolymer PNIPMAm and P(NIPMAm/AAm)= 99/1, 94/6
and 84/16 copolymers. The curves are verticaly shifted for better orientation.

NIPMAm Rbelow,1 Rbelow,2 Rbelow,3 Rabove,1 Rabove,1

/AAm [nm] [nm] [nm] [nm] [nm]

100/0 5 95 – 2 600 50
99/1 5 115 – 50 5
94/6 125 20 5 175 5
84/16 5 45 – 95 –

Table 7.7: Radius of the coils/globules below and above the phase transition as
obtained from Figure 7.16.

The change in hydrodynamic diameter takes place in a few kelvins, that means
it is much faster than the change of p(T ).

All four samples have at low temperatures the hydrodynamic coil diameter
about 10 nm (Figure 7.16), which agrees with size of PNIPAm measured in [90].
With increasing temperature we can observe two types of behaviour: for PNIP-
MAm and P(NIPMAm/AAm) = 84/16 the diameter increases suddenly by 1.5
order of magnitude at the temperature of phase transition and the intensity dis-
tribution (Figure 7.15) narrows in one narrow peak. The count rate (Figure 7.14
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Figure 7.16: The dependency of the diameter of coils/globules on temperature
for peaks which appear in the intensity distribution. The errors are the width of
the peaks. The peak with the highest intensity is blue.

right) after phase transition increases only to cca 2×103 kcps and it shows max-
imum at the critical temperature. This behaviour can indicate that probably
many globules are formed and they coagulate after increase of temperature. On
the other hand, for P(NIPMAm/AAm) with compositions 99/1 and 94/6 the
intensity distribution above LCST stays broad, the diameter increases by 0.5
order of magnitude and the count rate increases near 9 × 103 kcps. Different
behaviour of copolymers with compositions P(NIPMAm/ AAm) 99/1 and 94/6
can be caused by their 6 times higher molecular weights and polydispersities in
comparison with neat PIPMAm and copolymer P(NIPMAm/ AAm) 84/16 (Ta-
ble 6.1) as well as by relatively small amount of AAm in the copolymers. The
AAm units make disorder in the copolymer chain and the hydrodynamic diame-
ter does not depend on the AAm concentration. When AAm content is increased
to 16 % (sample P(NIPMAm/AAm) = 84/16), AAm units are to some extent
ordered and the results depend on the comonomer concentration.

From the change of hydrodynamic diameter of PNIPMAm and P(NIPMAm/-
AAm) = 84/16 we can say that the copolymer globules are larger (160 nm) than
globules of PNIPMAm (120 nm). Similar DLS experiments as for aqueous solu-
tions of copolymers were performed for mixed water/acetone and water/ethanol
solutions. For P(NIPMAm/AAm) = 94/6 in H2O/EtOH and H2O/acetone =
80/20 mixtures (Figures 7.17, 7.18, 7.19) the temperature of phase transition al-
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so corresponds with the NMR measurement and they differ for H2O/EtOH and
H2O/acetone mixtures in 2 kelvins. All samples in ethanol or acetone/water mix-
tures show clear phase transition such as in aqueous solutions of PNIPMAm or
P(NIPMAm/AAm) = 84/16. At low temperatures there are only two peaks in
the intensity distribution and the left peak is much smaller (Figure 7.18). After
the phase transition one narrow peak occurs. From the intensity distribution we
can see that that the globules are 500 nm in diameter and after transition the size
decreases with temperature. Disordered character of copolymer chains described
above for aqueous solution is in the case of mixed solvent obviously vanished by
the addition of ethanol or acetone into copolymer solution.
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Figure 7.17: The temperature dependence of p-factor (NMR) and count rate
(DLS) for sample P(NIPMAm/AAm) = 94/6 dissolved in H2O, and H2O/EtOH
and H2O/acetne = 80/20 mixtures. The vertical lines are the temperatures of
phase transition; in p–factor the fitted LCST, in DLS determined by eye and
they are the same as the first appearance of one (wide) peak in the intensity
distribution.
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Figure 7.18: Intensity distributions for sample P(NIPMAm/AAm) = 94/6 dis-
solved in H2O, and H2O/EtOH and H2O/acetone = 80/20 mixtures.
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Figure 7.19: The peak maxima of intensity distribution for sample
P(NIPMAm/AAm) = 94/6 dissolved in H2O, and H2O/EtOH and H2O/acetone
= 80/20 mixtures.
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8. Results and discussion - IPN
PNIPMAm/PNIPAm

8.1 Characterization of the gels

The ratio of two components networks in samples of interpenetrating networks
was determined from the integrated intensities of the respective C=O peaks in 13C
NMR spectra of hydrogels (Fig. 8.1 and Table 6.2), using the fact that chemical
shifts of C=O carbons in PNIPAm and PNIPMAm aqueous solutions are some-
what different. The molar ratios of the units PNIPMAm/PNIPAm as obtained
from fully decoupled 13C spectra and from inverse gated-decoupled experiment
did not differ. From Table 6.2, it follows that the real content of PNIPMAm units
in the IPN is always significantly smaller than the content of NIPMAm in the
reaction mixture. Evidently, polymerization of NIPMAm did not proceed to full
conversion and remaining monomer was washed out (see Preparation of IPNs).

Figure 8.1: Part of 13C NMR spectrum showing C=O peaks for IPN with PNIP-
MAm/PNIPAm composition 39/61 measured at 300 K.

The equilibrium swelling ratio was determined at room temperature and at
320 K (above VPTT – Volume Phase Transition Temperature) as the ratio
(mT –md)/md, where mT and md denote the weight at temperature T and the
weight of dried sample, respectively. The values are given in Table 6.2.

As it is obvious in photomicrographs of all samples (Figure 8.2), the sample
PNIPMAm/PNIPAm = 22/78 contains a lot of bigger bubbles. Fewer and smaller
bubbles of different size are also seen in samples PNIPMAm/PNIPAm = 46/54
and 39/61. The sample PNIPMAm/PNIPAm = 43/57 looks homogenous without
bubbles.

Except of the composition of IPNs, the shape of IPNs sample also influences
the properties of the networks (Table 6.2). The samples prepared as thick cylin-
ders with a diameter about 2 cm and height 6 cm were brittle, crumbly, and
difficult to handle because cracks are easily made and the sample disintegrates.
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Figure 8.2: Microscope photographs of samples PNIPMAm/PNIPAm 46/54 (a),
43/57 (b), 39/61 (c) and 22/78 (d) (room temperature).

When elongated cylinders are heated in water above the phase transition, many
cracks appear. In spite of this, the volume phase transition is reversible. The
thick cylinder samples are also time-consuming to synthesize, because the swelling
of the first network with monomers of the second network to equilibrium takes
several months. On the other hand, samples prepared as thin plates with height
of 2 mm and size of 10Ö10 cm were synthesized in a few days. At room temper-
ature, they look tough and compact and are easy to manipulate and cut. After
heating above their VPTT, they stay homogeneous and without cracks.

The relative decrease of IPNs diameters determined from their photographs
(in Figure 8.4), in dependence on temperature is shown in Fig. 8.3a. The diameter
decreases in the temperature range of 305–315 K and samples shrink to 45–55 %
of their initial diameter. After recalculation of the diameter to the area, we get
similar values as measured with optical microscope (Fig. 8.3b, microscope photos
are in Figure 8.4), where area shrinks to 20–30 %.

8.2 NMR

Figure 8.5 shows high-resolution spectra of IPN with PNIPMAm/PNIPAm com-
position 43/57 measured under the same experimental conditions at two tem-
peratures (300 and 318 K – under and above the phase transition, respectively).
The assignment of resonances to various proton types is shown directly in the
spectrum measured at 300 K (Fig. 8.5a). The strong peak A corresponds to
HDO. The peak B corresponds to side-chain CH groups of both components.
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Figure 8.3: Temperature dependences of relative diameter of cylinders obtained
from photography (a) and relative area gained from optical microscope.

T [K] 46/54 43/57 39/61 22/78

299

306

310

314

316

318

320

Table 8.1: Photographs of samples PNIPMAm/PNIPAm 46/54, 43/57, 39/61
and 22/78 on a rheometer plate at different temperatures. Diameter of the
rheometer plate is 2.5 cm.

In the peak G, signals of (CH3)2 groups of the both components and IPMAm
α-CH3 group overlap with CH3 signal of residual ethanol (from sample prepara-
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Figure 8.4: Microscope photography of samples PNIPMAm/PNIPAm 46/54,
43/57, 39/61 and 22/78 at different temperatures.

tion). The signals in the range 1.5–2.0 ppm (D, E, and F) correspond to main
chain CH and CH2 groups of NIPAm units and CH2 groups of NIPMAm units.
The peak C comes from CH2 protons of the residual ethanol. It follows from 1H
NMR spectra that molar ratio of residual ethanol and D2O in all samples does
not exceed 0.005. In the spectrum measured at 318 K (Fig. 8.5b), a marked de-
crease in integrated intensities of all polymer lines is clearly seen, only the peaks
of HDO and residual ethanol remain intensive. This is caused by reduction of
mobility of hydrogel units to such an extent that corresponding lines become too
broad to be detected in high-resolution spectra at temperatures above the phase
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transition.[39, 69, 72, 76, 77, 73, 75].

0123456
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B C
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G

A

Figure 8.5: 500.1 MHz 1H spectra of IPN with PNIPMAm/PNIPAm = 43/57
measured at 300 K (a) and 318 K (b) at the same instrumental conditions. Peak
assignments are explained in the text.

From the temperature dependences of NMR intensities we calculated the val-
ues of the fraction of collapsed polymer units, p, as is described in the Processing
section chapter. While the investigated samples are two-component interpene-
trated networks, where single components have different transition temperatures,
we can expect two-step phase transition. Therefore, we fitted p(T ) as a superposi-
tion of two functions pI and pII corresponding to individual phase transitions [95].
Sets of parameters from Eq. 5.8 are listed in Table 8.2. (The meaning of the pa-
rameters is described in Processing methods chapter.) The individual fits with
depicted parameters for each sample are in Figure 8.6.

PNIPMAm pmin pmax ∆pI ∆pII TNMR
I TNMR

II 4kI 4kII

/PNIPAm (K) (K) (K) (K)

46/54 0.00 0.91 0.66 0.25 311 316 7.7 1.1
43/57 0.00 0.98 0.63 0.35 309 312 1.9 3.9
39/61 0.00 1.00 0.75 0.25 309 310 0.2 6.8
22/78 0.00 0.98 0.36 0.62 308 311 1.3 3.7

Table 8.2: Fitting and calculated parameters from temperature dependences of
phase separated fraction of hydrogel units p(T ).

Temperature dependences of the p-fractions, determined from the sum of in-
tegrated intensities of the signals D, E, F, and G marked in Fig. 8.5a, are shown
in Fig. 8.7. The p(T ) dependences for signal B look similar. From Fig. 8.7 it
follows, that the phase transition starts for all IPNs always at the same temper-
ature and almost all hydrogel units participate in the phase transition, only for
IPN with PNIPMAm/PNIPAm composition 46/54 about 10 % of the units stay
hydrated (p ∼= 0.9). This sample is also the only one where two-step phase tran-
sition was clearly detected. The remaining IPNs show a one-step transition at
temperatures between transition temperatures of pure PNIPAm and PNIPMAm
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Figure 8.6: Temperature dependences of the p-fraction of IPNs with various
compositions. Experimental data are fitted with Eq. 5.8 with depicted fitting
parameters, whose meaning is described in Figure 5.1.
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Figure 8.7: Temperature dependences of the p-fraction of IPNs with various
compositions. Experimental data are fitted with Eq. 5.8.

and shifted to transition temperature of neat PNIPAm in accord with composi-
tion of IPNs as determined from 13C NMR spectra. Critical temperatures TNMR

I

and TNMR
II shown in Table 8.2 are for IPN with the highest amount of NIP-

MAm units (PNIPMAm/PNIPAm = 46/54) the average values of TPNIPAm with
TPNIPMAm and TPNIPMAm, respectively, whereas for IPN with the lowest amount
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of the NIPMAm units (PNIPMAm/PNIPAm = 22/78), the first fitted critical
temperature is TPNIPAm and the second one equals to the average of TPNIPAm

with TPNIPMAm (if TPNIPAm and TPNIPMAm are LCST values of neat polymers).
IPNs with composition PNIPMAm/PNIPAm = 43/57 and 39/61 show the both
critical temperatures between the extreme values TPNIPMAm and TPNIPMAm. Ta-
ble 8.2 further contains the values of ∆p = pmax–pmin (see Eq. 5.8) denoting the
extent of the transition. Comparing values ∆pI and ∆pII , we see that the first
step of the transition is significantly larger (more than 60 %) except IPNs with
composition PNIPMAm/PNIPAm = 22/78.

8.3 Free and bound water

Figure 8.8: HDO signals in 1H NMR spectra of PNIPMAm/PNIPAm (43/57)
IPN hydrogel in D2O measured at 300 and 315 K.

Figure 8.8 shows part of 1H NMR spectrum with signals of water (HDO) for
IPN hydrogel PNIPMAm/PNIPAm (43/57) at room temperature and tempera-
ture above the phase transition. From this figure it follows that a new signal of
HDO with ∼ 0.05 ppm smaller chemical shift in comparison with the main HDO
peak was detected for both hydrogels at higher temperature. This new HDO
signal which appears in spectra of all investigated hydrogels but only at tempera-
tures above the phase transition, evidently corresponds to water molecules bound
in collapsed hydrogel structures. The existence of two separate HDO signals then
means that in studied IPN hydrogels there is a slow exchange between bound
and free sites. Similar behavior was previously found for bound and free water or
ethanol (EtOH)) in highly concentrated poly(vinyl methyl ether) (PVME)/D2O
[68, 70] and PVME/D2O/EtOH [30] solutions, respectively, for water molecules
in PVME and PNIPAm hydrogels [31, 19, 86] and for homo- and copolymer mi-
crogels of NIPAm and N, N -diethylacrylamide in water/methanol mixtures [35].
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The values of the fraction of the bound water as determined by deconvolution
from integrated intensities of two HDO signals for PNIPMAm/PNIPAm IPN hy-
drogels are summarized in Table 8.3, 1st column. The values of the fraction of
bound water fluctuated in the range 0.11–0.16. Substantial differences between
bound and free water molecules were found from measurements of spin-spin re-
laxation time T2 and from diffusion measurements (Table 8.3). From this Table
it follows that both T2 values and values of the diffusion coefficient D are for
bound water up to 2 orders of magnitude shorter in comparison with free water
molecules. The main source of these large differences is evidently the fact that
the motion of bound water is spatially restricted and anisotropic (molecules can-
not reach all orientations). From the condition[56] 1/τ ≪ ∆ν, where τ is the
residence time and ∆ν is the difference of the respective chemical shifts in Hz,
it follows that for the residence time of bound HDO molecules it holds τ ≫ 40
ms. As it is seen from Table 8.3, all values of relaxation time T2 and diffusion
coefficient D as detected for “free HDO” at 320 K are higher than values at 300
K and moreover, D values correspond to diffusion coefficient of bulk heavy wa-
ter ≈ 3.05 x 10−9 m2/s [55]. This is evidently due to the fact, that at higher
temperature the respective HDO molecules do not interact with polymer chains
and therefore they are really free while at temperature 300 K a significant part
of HDO molecules interact with polymer forming, e.g., hydrogen bonds and their
motion is consequently somewhat restricted.

PNIPMAm Fraction of T2 (s) D (109 m2/s)
/PNIPAm bound HDO 300 K 320 K 300 K 320 K

46/54 0.22 2.7 3.8a 0.09b 1.95 3.01a 0.17b

43/57 0.11 1.5 2.0a 0.09b 1.75 2.85a 0.08b

39/61 0.15 2.4 3.2a 0.02b 1.59 2.88a 0.13b

22/78 0.16 3.1 3.6a 0.08b 1.87 2.85a 0.48b

Table 8.3: Fraction of bound HDO at 320 K, 1H spin-spin relaxation times T2

and diffusion coefficients D of HDO molecules in PNIPMAm/PNIPAm hydrogels
measured at temperatures 300 and 320 K.
a “Free“ water signal at 4.60 ppm (cf. Fig. 8.8)
b “Bound“ water signal at 4.55 ppm (cf. Fig. 8.8)

8.4 Relaxation of polymer bands

Figure 8.9 shows typical graphs of relaxation experiment for polymer bands in
IPN samples measured at 300 K. We have measured relaxation time T2 of three
polymer bands for each hydrogel: 1st peak is between 4.117 and 3.458 ppm and
corresponds to side-chain CH groups of both components. 2nd is for 2.294 – 1.267
ppm and correspond to main chain CH and CH2 groups of NIPAm units and
CH2 groups of NIPMAm units. In the 3rd peak (1.302 – -0.102 ppm), signals of
(CH3)2 groups of the both components and IPMAm α-CH3 group overlap with
CH3 signal of residual ethanol (from sample preparation).

The relaxation times for measured samples are summarized in Table 8.4. From
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pre–exponencial factors of the relaxation times fitting it follows that most popu-
lated relaxation times are T 2

2
(about 70–90 % depending on the measured peak),

T 3

2
has corresponding pre-exponential factors around 25 % and the longest relax-

ation times T 1

2
has only 5–20 % contribution depending on the measured peak.

The main chain groups (peak 2) is characterized by T 2

2
= 12 ms and IPNs

made as plates have in addition 3 700 ms relaxation time. CH groups in side
chains (peak 1) show the most populated relaxation time 20 ms and T 1

2
is a

few of thousand ms, only sample PNIPMAm/PNIPAm = 39/61 have the sec-
ond relaxation time 500 ms. Three relaxation times was detected for CH3 and
α-CH3 groups (peak 3): 8 ms, ≈ 60 ms and the third one is 2 000 for IPN PNIP-
MAm/PNIPAm = 46/54, around 200 ms for IPNs PNIPMAm/PNIPAm = 39/61
and 22/78 and the smallest T2 = 72 ms is for sample PNIPMAm/PNIPAm =
43/57. In summary, all groups in all samples contain fast relaxating units with
T2 ≈ 10 ms.

To conclude, the major part of polymer segments is characterized with relax-
ation time approximately tens ms, the CH3 groups are more mobile. The mobility
of the polymer segments on microscale below VPTT is evidently not influenced
upon the composition of IPN.
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Figure 8.9: Plots of typical spin–spin relaxation curve of the polymer bands
at room temperature for the IPN samples PNIPMAm/PNIPAm = 46/54 peak
1 (a) and 43/57 peak 3 (b). Relaxation curves are fitted with multiexponential
function.

8.5 DSC

Figure 8.10 depicts DSC thermograms for all measured IPNs. Excluding IPN
with composition PNIPMAm/PNIPAm = 46/54 there is one clear endothermic
transition observed upon heating. All the peaks are asymmetrically broaden in
high-temperature side, particularly for IPN with PNIPMAm/PNIPAm = 43/57
that may be attributed to the heterogeneity character of collapsed structures in
hydrogels [95]. For IPN with PNIPMAm/PNIPAm = 46/54, there are two peaks
clearly seen in Fig. 8.10, which is in accordance with the two-step phase tran-
sition observed for this sample in the temperature dependence of the p-fraction
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NIPMAm Peak T 1

2
T 2

2
T 3

2

/AAm (ms) (ms) (ms)

1 3 000 22 –
46/54 2 3 600 13 –

3 2 300 77 9

1 5 400 21 –
43/57 2 – 12 –

3 – 72 8

1 550 19 –
39/61 2 – 12 –

3 360 51 8

1 1 600 18 –
22/78 2 3 800 12 –

3 190 51 8

Table 8.4: Relaxation times T2 of the polymer bands at room temperature for
the IPN samples PNIPMAm/PNIPAm 46/54, 43/57, 39/61 and 22/78.

as obtained from NMR data (Fig. 8.7). From the thermograms in Fig. 8.10,
the onset and peak temperatures Ton and Tpeak, as well as the enthalpy of the
transition were determined (Table 8.5). In agreement with NMR data, the onset
temperatures of all samples correlate well with TPNIPAm, the second peak for
IPN with PNIPMAm/PNIPAm = 46/54 was detected at Ton = TPNIPMAm. The
enthalpy values corresponding to the phase transition were recalculated using the
weight of dry sample; the obtained values ≈ 30 J/g (polymer) agrees well with
data reported for PNIPAm solutions and hydrogels [58, 65] and for PNIPMAm
solutions [95]. It is worthy to mention that the enthalpy change as detected
for IPN with PNIPMAm/PNIPAm = 46/54 is somewhat lower (27 J/g) which
might be connected with the existence of ≈ 10 % hydrated polymer units above
the phase transition in this IPN as follows from Fig. 8.7.

PNIPMAm Ton Tpeak ∆HDSC ∆HDSC

/PNIPAm (K) (K) (J/g of hydrogel) (J/g of dry polymer)

46/54 308, 316 309, 318 2.5 27
43/57 308 311 4.0 32
39/61 308 309 2.6 30
22/78 307 309 2.3 31

Table 8.5: Fitting and calculated parameters from DSC thermograms.

8.6 Dynamic mechanical measurements

The frequency dependences of the storage shear modulus G′(f) as obtained for
various temperatures are shown in Fig. 8.11. It is obvious that the increas-
ing temperature shifts storage modulus of all samples to higher values. Below
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Figure 8.10: DSC thermograms of IPNs.

the phase transition, i.e., in the swollen state, the G′(f) of IPNs with PNIP-
MAm/PNIPAm = 43/57, 39/61, and 22/78 (Fig. 8.11b, c, and d) is frequency
independent which corresponds to a stable covalently cross-linked network. Above
the phase transition, at temperatures higher than 310 K, however, slight frequen-
cy dependence occurred, indicating an appreciable influence of deswelling process
to viscous character of the modulus. Similar dependences of mechanical mod-
uli on frequency for swollen and deswollen hydrogels were detected for hydrogels
based on poly(vinyl methyl ether) [62] and PNIPAm [11]. Exceptional behavior
shows IPN with PNIPMAm/PNIPAm = 46/54 (Fig. 8.11a) where G′ depends on
frequency even at temperatures below the phase transition. This may be due to
possible occurrence of physical cross-links between chains thus adding viscoelastic
properties to the hydrogel.

Figure 8.12 shows temperature dependences of the shear modulus components
G′ and G′′ and the loss angle tangent tan δ = G′′/G′ for frequency 0.75 Hz, mea-
sured with frequency sweep mode. As seen from Fig. 8.12a and b, the transition
of hydrogel is indicated by a dramatic change of G′ and G′′, respectively. (The
values of measured storage and loss shear modulus and angle tangent for mini-
mal and maximal measured temperature and their difference are in Table 8.6.)
The increase of modulus components in several orders of magnitude is attributed
to the change of swollen hydrogel with flexible chains showing liquid-like behav-
ior to collapsed hydrogel with immobile chains characterized by modulus values
typical for solid-like samples. Temperature dependences of the storage and loss
modulus for PNIPMAm/PNIPAm = 43/57, 39/61, and 22/78 have similar one-
step character with almost identical onset temperature ≈ 305 K, whereas G′ and
G′′ of IPN with PNIPMAm/PNIPAm = 46/54 grows at higher temperature (≈
311 K), more steeply and at the same time, two-step dependence is obvious in
accord with results of NMR and DSC. The values of components G′ and G′′ de-
tected at temperatures above the phase transition for this IPN are practically
one order of magnitude higher in comparison with the other IPNs. The phase
transition results in occurrence of maximum region in temperature dependence
of tan δ for PNIPMAm/PNIPAm = 43/57, 39/61, and 22/78; IPN with PNIP-
MAm/PNIPAm = 46/54 shows two maxima analogously to two-step dependence
of G′ and G′′ (Fig. 8.12c).
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Figure 8.11: Frequency dependences of the shear modulus G′ of IPNs
mesured at different temperatures for PNIPMAm/PNIPAm composition 46/54
(a), 43/57 (b), 39/61 (c) and 22/78 (d).

In Figure 8.13, the dependence of storage shear modulus on swelling ratio
(log-log plot) as obtained for all measured IPNs at 300 and 320 K is shown. The
points are on one straight line for all hydrogels which exhibit a single VPTT in
DSC measurements (see Figure 8.10). On the other hand, PNIPMAm/PNIPAm
(46/54) sample where transition temperatures of both components differ by 9 K
evidently does not correlate with the other samples.
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Figure 8.12: Temperature dependences of the storage (a) and loss (b) shear
modulus, and loss angle tangent (c) of IPNs measured for frequency 0.75 Hz.
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Figure 8.13: Dependence of storage shear modulus on swelling ratio for all mea-
sured IPN hydrogels. IPN PNIPMAm/PNIPAm 46/54 is marked red, values for
all other samples (black) are fitted with linear function.
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PNIPMAm G′

min G′

max ∆G
/PNIPAm (kPa) (kPa) (kPa)

46/54 0.07 16 627 16 627

43/57 8.78 972 964
39/61 4.54 1 048 1 043
22/78 1.61 503 501

PNIPMAm G′′

min G′′

max ∆G′′

/PNIPAm (kPa) (kPa) (kPa)

46/54 0.12 9 150 9 150

43/57 0.32 1 169 1 169
39/61 0.06 1 472 1 472
22/78 0.02 580 580

PNIPMAm tan δmin tan δmax ∆ tan δ
/PNIPAm

46/54 1.62 0.58 -1.04
43/57 0.04 1.20 1.17
39/61 0.01 1.40 1.39
22/78 0.01 1.15 1.14

Table 8.6: Storage and loss shear modulus and loss angle tangent for minimal
and maximal measured temperature and their difference in Figure 8.12.
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9. Results and discussion - IPN
PVCL/PNIPAm

9.1 Characterization of the hydrogels

The ratio of two components in samples of interpenetrating networks was deter-
mined from the integrated intensities of the respective C=O peaks in 13C NMR
spectra of hydrogels using the fact that chemical shifts of C=O carbons in PNIP-
MAm and PVCL aqueous solutions are somewhat different (see Figure 9.1). The
values of the real compositions (the molar ratios of respective monomer units) of
investigated IPNs obtained in this way are shown in Table 6.3. The equilibrium
swelling ratio was determined at 300 K (below VPTT) and 320 K (above VPTT)
as the ratio (mT −md)/md, where mT and md denote the weights at temperature
T and the weight of dried sample, respectively. The values are also given in Table
6.3. From Table 6.3, it follows that the real content of PNIPMAm units in the
IPN is always significantly smaller than the content of NIPMAm in the reaction
mixture. Evidently, as with the PNIPAm/PNIMPAm IPNs, polymerization of
NIPMAm did not proceed to full conversion and remaining monomer was washed
out (see Preparation of IPNs).

Figure 9.1: Part of 13C NMR spectrum showing C=O peaks for IPN with PV-
CL/PNIPAm = 50/50 measured at 300 K.

Microscope photos of the samples are in Figure 9.2. In sample PVCL/PNIPAm
= 50/50 there are bubbles, whereas in sample PVCL/PNIPAm = 54/46 there are
only a few of them.

The relative area of IPNs samples as measured with optical microscope in
dependence on temperature is depicted in Fig. 9.3, microscope photos are shown
in Figure 9.4. We can see that for both samples the area shrinks to 20 %. From
the microscope photoghaphs (Figure 9.4) it is clear that the hydrogel gets turbid
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at 303 K, while the liquid around the hydrogels phase separates at 305 K.

Figure 9.2: Microscop photography of PVCL/PNIPAm = 54/46 (left) and 50/50
(right).
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Figure 9.3: Temperature dependences of hydrogel sample relative area gained
from optical microscope.

81



Figure 9.4: Microscope photography of PVCL/PNIPAm = 54/46 (left) and 50/50
(right) at different temperatures.
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9.2 NMR

Figure 9.5 shows high-resolution 1H 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
spectrum measured at 300 K, i.e., below the VPTT of both polymeric compo-
nents (see Table 3.1). The strong peak A corresponds to HDO. The signal marked
as * at 3.6 ppm corresponds to CH2 protons of residual ethanol (from sample
preparation), the signal of ethanol CH3 protons overlaps with methyl protons of
PNIPAm in the peak H. The most important effect observed in the spectra mea-
sured at higher temperatures in Figure 9.5 is a marked decrease in the integrated
intensity of all polymer signals. 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.

From Figure 9.5 it follows that there are three types of polymer signals in
NMR spectrum: 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 (8 protons of PVCL monomer units and 2 protons of PNIPAm
monomer units contribute to this signal, see Table 3.1). PVCL signals B, D, and
E show significant broadening even at temperatures below VPTT (see Figure 9.5)
which makes their temperature analysis unfeasible.

Figures 9.6 and 9.7 show the temperature dependences of the p-fraction for
IPN PVCL/PNIPAm = 50/50 and 54/46 as obtained for signals C, G, and H.
Fitted parameters are in Table 9.1. Mixed signal G which predominantly corre-
sponds to PVCL component shows somewhat different temperature dependence
of p-fraction (circles in Figure 9.7) in comparison with signals of PNIPAm com-
ponent (crosses and stars). In comparison with the transition of PNIPAm com-
ponent which is centered (p = 0.5) around 307 K, the transition of PVCL com-
ponent is shifted by 2 K towards lower temperatures and it is centered around
305 K. The transitions of both components are approx. 7 K broad. While for
PVCL component (signal G) the maximum value of the p-fraction at higher tem-
peratures pmax is equal to 1, for PNIPAm component (signals C and H) the
somewhat lower values of pmax ≈ 0.9 are caused by signals of residual ethanol
partially affecting the integrated intensitity of signals C and H. Different temper-
ature dependences of the collapsed fraction p as detected for PVCL and PNIPAm
components in PVCL/PNIPAm IPNs indicate certain imperfect mutual penetra-
tion of two IPN components which influences differently 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. In certain
respect the behavior of PVCL/PNIPAm IPNs = 50/50 and 54/46 resembles the
behavior of PNIPMAm/PNIPAm hydrogels where a two-step collapse transition
was found by NMR and DSC for (46/54) composition while for samples with
larger content of PNIPAm component (samples (43/57), (39/61), (22/78)) a sin-
gle transition was detected by these methods. Therefore the NMR finding that
PVCL and PNIPAm components in PVCL/PNIPAm hydrogels show transitions
at somewhat different temperatures can be in connection with the fact that the
amount of PNIPAm units in investigated PVCL/PNIPAm IPN samples did not
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Figure 9.5: 500.1 MHz 1H spectra of IPN PVCL/PNIPAm sample PV-
CL/PNIPAm = 50/50 measured at 300 K, 305 K, and 311 K at the same in-
strumental conditions. Peak assignments are explained in the text.

exceed 50 mol%. Interestingly enough, while for PNIPMAm/PNIPAm hydrogels
in dependence on the composition one or two transitions were detected in par-
allel both by NMR and DSC, for PVCL/PNIPAm hydrogels somewhat different
transitions were revealed for both components by NMR, but only single transi-
tion was detected by DSC (cf. Figs. 9.7 and 9.8). We assume that this can
be in connection with the fact that the difference in the transition temperatures
of both components is for PVCL/PNIPAm IPNs only 2 K (cf. Figure 9.7), i.e.,
much smaller than for PNIPMAm/PNIPAm (46/54) sample where this difference
is ∼ 9 K. Therefore for PVCL/PNIPAm hydrogels the transitions of PVCL and
PNIPAm components can merge in one DSC peak.
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Figure 9.6: Temperature dependences of the p-fraction of IPNs PVCL/PNIPAm
with various compositions. Experimental data are fitted with Eq. (5.8) with
depicted fitting parameters, meaning of which is described in Figure 5.1.
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Figure 9.7: Temperature dependences of the p-fraction of IPNs for various peaks
in IPNs PVCL/PNIPAm 54/46 and 50/50. Experimental data are fitted with
Eq. (5.8).

PVCL Peak pmin pmax TNMR 4k
/PNIPAm (K) (K)

54/46 C 0.02 0.80 306 1.1
54/46 G 0.00 0.99 305 1.5
54/46 H 0.00 0.93 306 1.2

50/50 C 0.01 0.88 307 1.1
50/50 G 0.00 0.99 305 1.7
50/50 H 0.00 0.86 307 1.1

Table 9.1: Fitting and calculated parameters from temperature dependences of
phase separated fraction of hydrogel units p(T ) for IPNs PVCL/PNIPAm.
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9.3 DSC

DSC thermograms were measured for two IPNs hydrogels and one endother-
mic transition was observed upon heating. The thermograms are in Figure
9.8. Figure 9.8 shows that the DSC peak is rather symmetric, which is dif-
ferent from PNIPMAm/PNIPAm hydrogels where it is asymmetrically broaden
in high-temperature side (see Figure 8.10). From the thermograms the onset
and peak temperatures Ton and Tpeak as well as the enthalpy of the transition
were extracted (Table 9.2). Critical transition temperature of PVCL depends on
the molecular weight and polymer concentration [51, 71] and it is in the range
303 – 311 K; therefore for PVCL/PNIPAm networks the transition temperatures
of individual components can differ only a little, much less than in the case of
PNIPMAm/PNIPAm networks. From Table 9.2 it also follows that the enthalpy
values recalculated per mol of monomer units in dry polymer are not significantly
dependent on IPNs composition and are similar both for PVCL/PNIPAm and
PNIPMAm/PNIPAm IPNs hydrogels. It follows from literature that enthalpy
∆H values as obtained by DSC for crosslinked hydrogels are somewhat lower
than for solutions of corresponding linear polymers, e.g. 3.59 kJ/mol [65] and 4.6
– 7.1 kJ/mol [64] for PNIPAm hydrogels and solutions, respectively, or 1.9 kJ/mol
[54] and 4.4 kJ/mol [45] for PVCL hydrogels and solution, respectively. Our en-
thalpy data amount to 3.6 – 4.0 kJ/mol in accordance to crosslinked character
of polymer chains. Higher ∆H values for IPNs PVCL/PNIPAm as obtained by
us in comparison with neat PVCL hydrogels according Mikheeva et. al. [54]
indicate that both PVCL and PNIPAm units are mutually involved in the col-
lapse transition. The other attribute concerning to DSC thermograms of IPNs
PVCL/PNIPAm should be mentioned: as reported, neat PVCL hydrogels have
shown two endothermic transitions: at 305 K attributed to a microsegregation
of hydrophobic domains, and at 311 K corresponding to the gel volume collapse
itself [54]. To the contrary, two-components IPNs containing PVCL show one
endothermic peak at 307 K and this transition obviously covers all interaction
and volume changes.
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Figure 9.8: DSC thermograms of IPNs PVCL/PIPAAm = 54/46 and 50/50.
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PVCL/ Ton Tpeak ∆HDSC ∆HDSC

PNIPAm (K) (K) (J/g of hydrogel) (kJ/mol of monomer units in dry polymer)

54/46 304 307 2.3 4.0
50/50 305 307 2.2 3.7

Table 9.2: Fitting and calculated parameters from DSC thermograms.
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10. Conclusions

Three types of samples – statistical copolymers and two interpenetrating net-
works – were studied experimentally by different methods. The conclusions are
as follows:

Copolymers P(IPMAm/AAm) in D2O

1. In this work, we applied NMR spectroscopy, DSC, DLS, and viscosity exper-
iments to investigate the temperature-induced phase transition in aqueous
solutions of PNIPMAm and P(NIPMAm/AAm) random copolymers.

2. The effects of P(NIPMAm/AAm) composition on the temperature, width,
extent (the phase-separated fraction), and enthalpy of the transition were
quantitatively characterized by all methods.

3. In contrast to PNIPMAm homopolymer, two regions of transition were de-
tected for copolymer samples: first, with a high slope, where the change
of enthalpy is significant; and second, more gently with enthalpy change
one order of magnitude smaller. In the first region mainly changes in hy-
drophilic and hydrophobic interactions happen. The second region is associ-
ated probably with additional structural changes which accompany building
up of water molecules into mesoglobules.

4. From comparison of NMR and DSC results it follows that the phase tran-
sition was detected by both methods in the same temperature interval.
Comparing the extent of the phase transition, the change of the enthalpy
∆HDSC detected by DSC decreases with increasing AAm content in the
copolymer twice faster than the values of the phase-separated fraction p
obtained by NMR, showing that only approx. one half of NIPMAm units
with significantly reduced mobility actively contribute to the ∆H values. At
the same time, both these values decrease faster than the NIPMAm content
in the copolymer. This is a consequence of the fact that hydrophilic AAm
units (sequences) and surrounding NIPMAm sequences remain hydrated
and mobile even at temperatures above the phase transition.

5. Three different types of copolymer units in mesoglobules can be consid-
ered: mobile and hydrated (with polymer–water hydrogen bonds) AAm
units, mobile and hydrated NIPMAm units in sequences surrounding AAm
units, and, finally, immobile NIPMAm units with prevailing hydrophobic
interactions. With increasing content of AAm units in the copolymer, the
cooperative units (domains) in mesoglobules are shorter; the copolymer
chains cannot pack tightly and therefore the respective mesoglobules are
more porous.

6. Viscosity of all samples increase marginaly after the phase transition, al-
though it happend at temperature higher than measured with NMR. Vis-
cosity increases with higher fraction of the copolymer packed in globules.
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7. From the DLS experiment of mean hydrodynamic radii can be conclud-
ed that below the phase transition all samples have the same coil radius
about 10 nm. Above the phase transition we can observe two types of
behaviour: for PNIPMAm and P(NIPMAm/AAm) = 84/16 the diameter
increases suddenly by 1.5 order of magnitude at the temperature of phase
transition and the intensity distribution narrowes in one narrow peak. On
the other hand for P(NIPMAm/AAm) = 99/1 and P(NIPMAm/AAm) =
94/6 the intensity distribution stays broad and the radii stay almost the
same. The difference between these two types of behaviour can be caused
by the 6 times lower Mw of PNIPMAm and copolymer P(NIPMAm/AAm)
= 84/16. We also suggest that the opolymers P(NIPMAm/AAm) = 99/1
and P(NIPMAm/AAm) = 94/ contain too small amount of AAm in the
copolymer and this AAm make disorder in the sample and therefore these
two samples behave in DLS differently.

8. The mean hydrodynamic radii calculated from the correlation function are
similar as these obtained from the DLS intensity distribution.

IPN PNIPMAm/PNIPAm

1. Volume phase transition phenomenon in hydrogels of four IPNs PNIP-
MAm/PNIPAm with various molar ratios of components was investigat-
ed by NMR spectroscopy, DSC, dynamic mechanical measurements, and
optical microscopy.

2. The phase transition starts always near 307 K, i.e., the VPTT of PNIPAm,
which is the major component for all samples.

3. The temperature range of the phase transition (from 307 to 313 K) is for
all samples and methods similar, except of IPN with PNIPMAm/PNIPAm
composition 46/54, where it is either shifted or extended to higher temper-
ature.

4. In all samples, the phase transition is accompanied by a dramatic change
of G′ and G′′; both modulus components increased in several orders of
magnitude.

5. From the point of view of the composition of the network, the IPN with
PNIPMAm/PNIPAm = 46/54 containing almost 50 % of PNIPMAm shows
a markedly distinct behavior from other samples.� The temperature range of the phase transition of this IPN is shifted or

extended to higher temperatures in comparison with the other three
IPNs and the fitted TI NMR and TII NMR are average value of VPTTs
of the neat networks and VPTT of neat PNIPMAm, respectively.� The fraction of collapsed polymer units p detected by NMR achieves
only 90 % of polymer units and the enthalpy change is analogously
smaller.� This IPN also differs in temperature dependence of shear modulus
components G′, G′′, and tan δ.
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� The most evident characteristic of the IPN with PNIPMAm/PNIPAm=
46/54 is a two-step phase transition as revealed from NMR and DSC
experiments. Such behavior is typical for mixtures of two thermosen-
sitive homopolymers [17, 76].� We consider that structure of this IPN has a similar two-phase cha-
racter: regions consisting of one type network units (PNIPMAm or
PNIPAm) exist and these regions undergo the phase transition inde-
pendently. At the same time, a small amount of network units lo-
cated probably in the interphase regions do not take a part in either
PNIPMAm or PNIPAm transitions. Thus, above the phase transition,
collapsed network structures of the IPN with PNIPMAm/PNIPAm =
46/54 contain heterogeneities which could give rise to higher values of
shear modulus components G′ and G′′ in comparison with other IPNs.

6. In contrast to IPN containing 54 mol% of PNIPAm monomer units, a sin-
gle transition was observed in IPN with PNIPMAm/PNIPAm samples with
larger amount of PNIPAm component so indicating enhanced mutual entan-
glement of both components in these samples. Such behavior resembles the
LCST behavior of aqueous solutions of random copolymers [17, 76] while
two separate transitions of both components are typical for mixtures of two
thermoresponsive homopolymers [76, 75, 40]. In our opinion network struc-
tures of PNIPMAm/PNIPAm with ∼ 50 mol% of PNIPAm monomer units
contain microregions where single components collapse independently.

7. A certain portion of spatially restricted bound water (HDO) was established
for all IPN hydrogels at temperature above the volume phase transition from
the measurements of 1H NMR spectra, spin-spin relaxation times T2 and
diffusion coefficients D of HDO. Slow exchange regime between bound and
free water was revealed and for the residence time τ of bound HDO it holds
τ ≫ 40 ms.

8. Spin-spin relaxation times T2 and diffusion coefficients D as obtained for
the bound HDO are up to 2 orders of magnitude shorter in comparison with
“free” HDO.

IPN PVCL/PNIPAm

1. Volume phase transition phenomenon in hydrogels of two IPNs PVCL/PNIPAm
with slightly different molar ratios of components was investigated by NMR
spectroscopy, DSC, and optical microscopy.

2. The phase transition starts for NMR and DSC measurements always near
302 K

3. For hydrogels of IPNs PVCL/PNIPAm, containing not more than 50 mol%
of PNIPAm monomer units, separate and somewhat different transitions
(transition temperatures differed by ∼ 2 K) were revealed for both compo-
nents by NMR, but only single transition was detected by DSC. We assume
that in connection with the small difference in the transition temperatures
of neat components both transitions can merge in one DSC peak.
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4. In our opinion network structures of IPNs PVCL/PNIPAm with ∼ 50 mol%
of PNIPAm monomer units contain microregions where single components
collapse independently.
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study of phase transition of uncharged and negatively charged poly(N–
isopropylmethacrylamide) in D2O solutions. Macromolecular Symposia,
(203):239 – 246, 2003.

[75] L. Starovoytova, J. Spěváček, and M. Ilavský. 1H NMR study of
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of the coil–globule transition in a homopolymer: Microcalorimetric study of
poly(N–isopropylacrylamide). Macromolecules, (27):2879–2882, 1994.

98



[83] E. I. Tiktopulo, V. N. Uversky, V. B. Lushchik, S. I. Klenin, V. E. Bychko-
va, and O. B. Ptitsyn. ’domain’ coil–globule transition in homopolymers.
Macromolecules, (28):7519, 1995.

[84] K. E. Uhlrich, S. M. Cannizzaro, R. S. Langer, and K. M. Shakesheff. Poly-
meric systems for controlled drug release. Chemical Revue, (99):3181–3198,
1999.
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temperature-induced phase transition in aqueous solutions of poly(N -
isopropylmethacrylamide-co- acrylamide) copolymers. Colloid Polymer Sci-

ence, (290):1811–1817, 2012.

100



List of Abbreviations

AAm acrylamide
ABIN 2,2’- azobis(2-methylpropionitrile)
ATRP atom-transfer radical-polymerization
CH3OH methanol
D2O heavy water
DLS Dynamic Light Scattering
DMA Dynamic Mechanical Analysis
DN gel double-network hydrogel
DSC Differential Scanning Spectroscopy
DSS Sodium 3-(Trimethylsilyl)-1-propanesulfonic acid
e.g. exempli gratia
Eq. Equation
et al. et alia
etc. et cetera
EtOH ethanol
FID Free Induction Decay
Fig. Figure
FT Fourier Transform
FRP free radical polymerization
GPC Gel Permeation Chromatography
H2O light water
HDO semi-heavy water
i.e. id est
IPN interpenetrating network
LCST Lower Critical Solution Temperature
MBAAm N ,N ’- methylenebisacrylamide
MNa sodium methacrylate
mol.-% molar percent
NaCl natrium chloride
NIPAAm N -isopropylacrylamide
NIPMAm N -isopropylmethacrylamide
NMR Nuclear Magnetic Resonance
PAA polyacrylic acid
PAAM polyacrylamide
PAH poly(allylamin)
PAMS poly[2-(acrylamido)-2-methylpropanesulfonic acid]
PDEAAm poly(N ,N -diethylacrylamide)
PEA poly(N -ethylacrylamid)
PEO poly(ethylene oxide)
PEPA poly(N -ethoxypropylacrylamid)
PMMA poly(methacrlic acid)
PNIPAAm poly(N -isopropylacrylamide)
PNIPMAm poly(N -isopropylmethacrylamide)
P(NIPMAm/AAm) poly(N -isopropylmethacrylamide)-co-acrylamide
PTBAAm poly(tetra–butylacrylamid)
PU polyurethane

101



PVA poly(vinyl alcohol)
PVCL poly(N -vinylcaprolactam)
PVME poly(vinyl methyl ether)
SN singel network
Tab. Table
TEM Transmission electron microscopy
tetra-PEG gels hydrogel from tetrahedron-like macromonomers
UCST Upper Critical Solution Temperature
UV light ultra violet light
VCL vinylcaprolactam
vol.-% volume percent
VPTT Volume Phase Transition Temperature
vs. versus

102



List of articles
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Jǐŕı Spěváček. Temperature-induced phase transition in hydrogels of inter-
penetrating networks poly(N -isopropylmethacrylamide)/poly(isopropylacryl-
amide). Colloid Polymer Science, (291):2409–2417, 2013.
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