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Abstract

Poly(2-oxazoline)s consist of a -(CH2-CH2-N)- main chain and an N-acyl substituent. They
were reported for the first time in 1966/67. They have been investigated in the bulk, in
solutions and in dispersions. The recent interest lies primarily in their chemical versatility
and their potential for nanomedical applications. Tailoring materials for such specific
applications requires a sound knowledge of their phase behaviors, which depends on
intensive parameters. Amongst others, composition and temperature are of particular
interest. The phase behaviors of poly(2-propyl-2-oxazoline)s (PPOxs) will be the main
focus of this thesis. PPOx homopolymers are investigated as well as block copolymers
(BCPs) and blends of poly(2-isopropyl-2-oxazoline) (PiPOx) and poly(lactide) (PLA).

The first part describes the synthesis of the polymers. The PPOxs are prepared by
cationic ring opening polymerization. They are linear, narrowly dispersed, and bear at the
termini one methyl- and one azide-group. Semi-crystalline as well as amorphous PLA is
synthesized by ring opening polymerization of L-lactide and DL-lactide, respectively. The
linear PLAs are terminated with one propargyl- and one hydroxyl-group. Coupling of the
azido- and alkyne-functional homopolymers gives a library of 18 PiPOx-b-PLA BCPs. This
approach allows to compare the phase behaviors of the BCPs with those of the individual
components.

The next part is dedicated to a study of the solution properties of three PPOx
homopolymers, namely poly(2-n-propyl-2-oxazoline) (PnPOx), poly(2-cyclopropyl-2-
oxazoline) (PcyPOx) and PiPOx in water, in methanol and in water/methanol mixtures.
Nuclear magnetic resonance (NMR) spectroscopy of the three polymers reveals significant
differences in the side-group’s rotational freedom. Unexpectedly, these differences are
reflected in the calorimetric assessment of the coil-to-globule phase transition. The phase
diagrams in respect to the water/methanol composition are constructed based on
transmittance measurements. Methanol is a good solvent up to its boiling point for the three
PPOxs. The solubility of PnPOx in water decreases when up to 40 vol% methanol is added.
This behavior termed “cononsolvency” was first reported for ternary
polymer/water/methanol mixtures of poly(N-isopropyl acrylamide), a structural isomer of
PnPOx and PiPOx. PiPOx and PcyPOx do not exhibit cononsolvency in the investigated
ternary system. The PPOxs’ solution behaviors depend on the rotational freedom of the side-
groups.

In the third part, the bulk phase behavior of PiPOx, its blends with PLA, and PiPOx-b-
PLA BCPs is studied. The PiPOx volume fractions in the BCPs varies from 14 to 82 %.
PiPOx and PLA are miscible based on the single glass transition criterion and small angle
x-ray scattering at a temperature above the melting points of the two polymers. Infrared
spectroscopy indicates an attractive dipole-dipole interaction between the carbonyl moieties
of the PiPOx amide and the carbonyl of the PLA ester. PiPOx and the stereo-regular PLLA
are semi-crystalline. The influence of the miscibility on the crystallization is investigated
by polarized optical microscopy, differential scanning calorimetry and wide-angle x-ray
scattering. It is found that the presence of PLA increases the crystallization rate of PiPOx.
In contrast, PLLA remains amorphous in most of the BCPs.



The last part focuses on aqueous dispersions of the self-assembled PiPOx-b-PLA BCPs.
The dispersions were prepared by adding a solution of a BCP in THF to water, a non-solvent
of PLA but a solvent of PiPOx at low temperature. Contrary to expectation PiPOx resides
in the particle interior, together with PLA. It does not form a shell of hydrated chains around
the PLA core. This conclusion was attained on the basis of NMR spectroscopy and
evaluation of the thermo-responsive properties of the BCP particle dispersions in water. At
room temperature the particles are colloidally stable for 20 days at least. The particle
morphology is investigated by cryogenic transmission electron microscopy, light scattering
and small angle neutron scattering. The particles are spherical and permeated with water
over the wide PiPOx volume fraction. Short segments of PiPOx reside on the particle/water
interface and stabilize the dispersion. The thermo-responsive properties of the dispersions
depend on the configuration and length of these segments. Attractive interactions between
soluble and insoluble block are an important factor for the self-assembly of amphiphilic
BCPs.
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1 Introduction

1.1 Overview

Determining the phase equilibria or phase diagram is usually the most important
characterization of the macroscopic properties of a colloidal system.1

Evans, Wennerström, 1999

The properties of a material at specific conditions are given by its phase behavior. Thus the
study of the phase behavior is a universal subject for all material scientists. The term “phase”
defines a piece of matter of a uniform chemical composition and physical state.2 Transitions
of one phase to another are functions of intensive parameters such as temperature or
concentration, that are independent of the system size. They are graphically illustrated in
phase diagrams, where phase boundaries mark the thermodynamic equilibrium of two
phases. In order to investigate the phase behavior one should determine first the number of
components, second the number of phases, and third the nature and composition of each
phase over a wide range of intensive parameters.

Poly(2-oxazoline)s are immensely versatile in their chemistry and phase behavior. One
repeating unit consists of atoms of the polymer backbone (-(CH2-CH2-N)-) and an N-acyl
substituent. The polymers are obtained from 2-oxazolines through living polymerization.
This ensures excellent control over the molecular weight, polydispersity and end groups.
The N-acyl substituent, the molecular weight, and the nature of the end groups set the phase
behavior.

Thermal transitions of poly(2-oxazoline)s have been studied in the bulk, in solutions,
and in dispersions. In the bulk, poly(2-oxazoline)s are amorphous or semi-crystalline
polymers depending on the N-acyl substituent. They may also exhibit sharp thermal
transitions in aqueous solutions and crystallize in the heated aqueous medium. Poly(2-
oxazoline)s are also used to stabilize multicomponent dispersions with a “smart” response
behavior.

Poly(2-oxazoline) are converted from the bulk into solutions or dispersions by the
addition low molecular weight and/or polymeric components. In this thesis it will be shown
how the properties observed in each of the three states are related to each other. The key
questions to be addressed are: Do the components mix and under which conditions? How
does the addition of a new component affect the thermal transitions of the poly(2-
oxazoline)? Do the same types of transitions take place when a new component is added?

Scheme 1 gives an overview over the thesis contents. The roman numerals at the corners
of the triangle refer to three publications devoted respectively to solutions, the bulk state,
and dispersions of poly(2-oxazoline)s. Three poly(2-oxazoline)s bearing saturated propyl
substituents, namely poly(2-n-propyl-2-oxazoline) (PnPOx), poly(2-isopropyl-2-oxazoline)
(PiPOx) and poly(2-cyclopropyl-2-oxazoline) (PcyPOx) were investigated. Publication I
focuses on the phase behavior of PnPOx, PiPOx and PcyPOx in water and in water/methanol
mixtures of variable composition. All three polymers are soluble in cold water and phase
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separate upon heating. In the presence of methanol the phase transition temperature of the
mixed solutions varies characteristically for each poly(2-propyl-2-oxazoline) (PPOx).

Publication II describes the bulk properties of PiPOx, block copolymers (BCPs) of
PiPOx and poly(lactide) (PiPOx-b-PLA), and of blends of PiPOx and PLA. A key finding
is that the PiPOx-b-PLA BCPs are miscible in the bulk. Particular attention is payed to the
influence of miscibility on the crystallization properties of the two polymers and of the
BCPs.

Publication III focuses on aqueous dispersion of the block copolymers described in
publication II. As PLA is insoluble in water, PiPOx is drawn between two immiscible phases
– the dispersed PLA phase and the continuous water phase. The particle morphology and
thermal response of PiPOx-b-PLA dispersions depends on the molecular weight and the
PLA stereochemistry.

Scheme 1 Overview of the thesis content organized based on the nature of the poly(2-
oxazoline) phases. The original publications are referred to by the roman numerals in the
corners of the triangle. The synthesis of the polymers is discussed next.
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1.2 Synthesis of Poly(2-propyl-2-oxazoline)s

Any growth requires food, and the food for a growing polymer is the monomer.3

Szwarc, 1956

It took ten years after Swarc coined the term “living polymers”,3 until four independent
research groups reported the living cationic ring-opening polymerization (CROP) of 2-
oxazolines.4–7 The versatility of the emerging poly(2-oxazoline)s chemistry was
demonstrated in these early publications in which 23 2-oxazoline monomers were
polymerized using various initiators. Also, copolymerization and cross-linking were
reported.

Living CROP of 2-oxazolines is a chain-growth polymerization involving initiation and
propagation, driven by the isomerization of the cyclic imino ether monomer to a tertiary
amide.8,9 Mechanistically, CROP is initiated by creating an oxazolinium cation and it
propagates by the reaction of this cation with the nucleophilic nitrogen atom of another
monomer (Scheme 2). The living chain-ends are terminated intentionally by addition of a
nucleophile stronger than the monomer. Under appropriate conditions initiation is fast and
chain breaking reactions are negligible, leading to first-order kinetics and a linear increase
of the degree of polymerization (DP) with the monomer conversion. The breadth of
polymers obtained is limited by stringent purity requirements of all reactants including
monomer, initiator and solvent as well as problems related to unsuitable functional groups
that lead to chain transfer, termination or prevent the polymerization entirely.10 Several
reviews are devoted to the polymerization process of 2-oxazolines.11–13 The following
paragraphs give a brief overview.

Scheme 2 Mechanism of the cationic ring opening polymerization (CROP) of 2-oxazolines
including initiation, propagation, termination and transfer reactions.

In the first step of CROP, the nitrogen free-electron pair undergoes a nucleophilic attack
with an electrophile to form an oxazolinium cation, the initiating species of CROP. Methyl
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p-toluenesulfonate is frequently used as initiator. Also suitable are freshly prepared
oxazolinium tosylate salts, which can be isolated and crystallized conveniently.14 It is
possible to introduce functional chain-ends to the polymers during the initiation step by
using initiators containing unsaturated hydrocarbons or (protected) heteroatom moieties.13

The oxazolinium-cation is attacked at the 5-position by the free electron pair of the
nitrogen atom of another monomer to open the ring and propagate the polymerization. The
apparent rate of polymerization depends on the monomer, the solvent, and the counter-ion.11

For the series 2-isopropyl-2-oxazoline (iPOx), 2-n-propyl-2-oxazoline (nPOx), and 2-
cyclopropyl-2-oxazoline (cyPOx) polymerized in acetonitrile with methyl p-
toluenesulfonate as initiator, the polymerization rate is the fastest for the electron
withdrawing cyPOx and the slowest for the electron donating iPOx.15 This is ascribed to the
higher nucleophilicity of cyPOx compared to iPOx.16 The effects of solvent polarity and
counter-ion nucleofugality were studied in detail for the polymerization of iPOx.17 The
polymerization rate is generally slower in acetonitrile than in chlorobenzene. In the polar
solvent the oxazolinium cation exists as free ion and there are no specific counter-ion
effects. In a nonpolar solvent, the oxazolinium- and the counter-ion form an ion-pair and
the polymerization rate is sensitive to the nucleofugality of the counter-ion. The fastest
propagation rate of iPOx was observed for the system chlorobenzene/ methyl
trifluoromethyl sulfonate.

The chain propagation is terminated by addition of a nucleophile, which binds covalently
to the oxazolinium cation. The most common quenchers are potassium hydroxide/methanol
or potassium hydroxide/water mixtures, which leads to a hydroxyl end-group. The
termination step is another handle to introduce functional end-groups. For example addition
of sodium azide to living poly(2-oxazoline)s produces polymers with azide end-groups, that
can be modified further.

Transfer reactions cannot be excluded entirely. They depend on the solvent, monomer
and counter-ion. The most important transfer reaction is ß-elimination of a proton of the 2-
substituent leading to the formation of an enamine and a proton-initiated new growing chain.
Enamines are weak nucleophiles and can compete with the monomer for chain propagation
at high conversions, leading to star-like poly(2-oxazoline)s.

Scheme 3 Synthetic routes to 2-oxazolines using carboxylic acids, nitriles, or N-acyl-2-
aminoethanols as starting materials.
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Cyclic imino ethers, known as 2-oxazolines, are obtained by condensation reactions
from compounds such as carboxylic acids, nitriles, or N-acyl-2-aminoethanols (Scheme
3).18 By convention, the numeral 2 marks the position of the double bond in the heteroatom
5-membered ring. The substituent on the 2-position can be a linear, branched, cyclic,
(un)saturated, aromatic or fluorinated hydrocarbon.7 Also 2-oxazolines carrying functional
heteroatom substituents can be polymerized but might require suitable protection
strategies.19–21

1.3 Phase behavior of Poly(2-propyl-2-oxazoline)s

1.3.1 Thermodynamics

1.3.1.1 Flory-Huggins theory of polymer solutions

The theory of polymer solutions was derived independently by Flory (1942)22 and Huggins
(1942).23–25 It is based on the mean field theory of ideal liquid mixtures as described in
Raoult’s law. In an ideal binary mixture the partial pressure of each component is equal to
the product of its mole fraction and the vapor pressure of the pure component. The
components do not interact and the enthalpy contribution to the free energy of mixing is
zero. Regular mixtures of two low molecular weight liquids deviate from Raoult’s law due
to additional enthalpic effects. Polymer solutions deviate also from Raoult’s law but for
entropic reasons as will be shown in the following.

Both the Raoult’s law and the Flory-Huggins theory deal with binary systems of
compounds A and B consisting of nA + nB = n moles. The mole fractions xA and xB are given
by the equation xA + xB = 1. The theories can be expanded to ternary systems (two polymers
– one solvent, one polymer – two solvents).26,27 This requires the introduction of additional
binary interaction-parameters and the mole fractions are related by xA + xB + xC = 1. For the
sake of brevity these cases are not discussed here.

Consider first an ideal system of two low molecular weight liquids of identical molecular
volume.28 The heat of mixing ΔMH is zero when the nearest neighbor pair interactions wAA,
wBB, and wAB cancel each other. Then the free energy of mixing ΔMG = ΔMH – TΔMS
depends only on the entropy, which is given by:

ΔMS/n = - R{xA lnxA + xB lnxB}
Eq. (1)

Here, R is the universal gas constant. By definition both logarithmic terms are negative and
mixing always results in an increase of entropy. In regular solutions the formation of A-B
contacts at the expense of the A-A and B-B pairs results in a non-zero heat of mixing:

ΔMH/n = ßxAxB

Eq. (2)
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ß results from the sum of A-B, A-A, and B-B pair interactions and can be obtained from the
energies of vaporization of A and B, respectively. Combining equations 1 and 2 gives the
free energy of mixing, which is graphically illustrated in Figure 1 A:

ΔMG/n = ßxAxB + RT{xA lnxA + xB lnxB}
Eq. (3)

For a solution of polymer B in a solvent A the molar volumes of the compounds differ
significantly. It is required to use the volume fractions ϕA and ϕB instead of the mole fractions
to calculate the entropy of mixing:

ΔMS/n = - R{ϕA lnϕA + ϕB/vB lnϕB}
Eq. (4)

The important difference between equations 4 and 1 is that the pre-factor of the second
logarithmic term in equation 4 is divided by the molar volume of the polymer vB. This is a
considerably large number for polymers. The consequence is a comparably small entropy
gain for polymer solutions. Equation 4 can be modified to apply also for polymer blends (a
binary mixture of two polymers).29 In this case both logarithmic pre-factors are divided by
the molar volume of the respective polymers. This reduces the entropy even more:

ΔMS/n = - R{ϕA/vA lnϕA + ϕB/vB lnϕB}
Eq. (5)

The heat of mixing of polymer solutions is given by:
ΔMH/n = - RTχABϕAϕB

Eq. (6)
with the interaction parameter χAB:

χAB = zΔwAB/RT
Eq. (7)

Here z is the coordination number and the balance of pair interactions is:
ΔwAB = wAB - 1/2 (wAA + wBB)

Eq. (8)
Finally, the free energy of mixing for polymer solutions and polymer blends results from
combining equations 4 and 6, or respectively 5 and 6:

ΔMG/n = RT{ϕA lnϕA + ϕB/vB lnϕB + χABϕAϕB}
Eq. (9)

ΔMG/n = RT{ϕA/vA lnϕA + ϕB/vB lnϕB + χABϕAϕB}

The consequence of the low entropy of mixing for polymer solutions and even more for
polymer blends is that the heat of mixing becomes the decisive factor for miscibility (see
next section). One shortcoming of the original Flory-Huggins theory is the assumption that
the nearest neighbor interactions are isotropic and have only an enthalpic contribution.
However, the pair interactions reduce the translational freedom of the partners and affect
the entropy of the system. Thus, the χ-parameter is the sum of enthalpic and entropic
contributions and is temperature dependent.29 In reality ΔMH and ΔMS can be both positive
and negative quantities. What results is a delicate temperature-dependent balance of the
entropic and enthalpic contributions.
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1.3.1.2 Phase transitions

The general conditions for miscibility are (I) a negative free energy of mixing ΔMG and (II)
a positive curvature of ΔMG as function of the composition xA (∂2ΔMG/∂xA

2 > 0). The second
condition is important when the heat of mixing exceeds a critical positive value (ß > ßc, or
χ > χc). Consider first the case of an ideal mixture of two low molecular weight liquids
(Figure 1 A, equation 3, with ß = 0). A plot of ΔMG vs xA is parabolic and goes through a
minimum at xA = 0.5. Mixing occurs at all compositions. For ß > ßc the curve exhibits two
minima and a central maximum at xA = 0.5. The minima are known as the binodal points
(∂ΔMG/∂xA = 0). The inflection points are the spinodal points (∂2ΔMG/∂xA

2 = 0). All systems
with compositions between the two spinodal points (∂2ΔMG/∂xA

2 < 0) are unstable and phase
separate by coarsening of a bicontinuous phase (spinodal decomposition). Systems with
compositions between the spinodal and binodal points are meta-stable towards
concentration fluctuations and phase separate via a nucleation and growth mechanism. For
blends of two polymers with the same molar volume (v = vA + vB) the value of χc is inversely
proportional to v. It follows that for such systems phase separation is the standard case and
miscibility is a rare exception. The latter takes place when the heat of mixing is negative, in
particular when attractive electrostatic interactions, hydrogen bonding or dipole-dipole
interactions exist. It should be noted that for polymer solutions the molar volumes of solute
and solvent are drastically different. Thus the free energy function becomes asymmetric and
the maximum shifts to a solvent rich composition.

Figure 1 (A) Free energy of mixing of two low molecular weight liquids as function of the mole
fraction xA for different values of ß. (B) Temperature – composition diagram showing
the dependence of the binodal (—) and spinodal (···) points. UCST and LCST are
indicated with arrows.

Spinodal and binodal points can be plotted in a temperature – composition phase
diagram (Figure 1 B). Depending on the balance of thermodynamic contributions a
homogeneous solution can demix either upon cooling or heating. The shared point of the
binodal and spinodal curves denotes in the former case the upper critical solution
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temperature (UCST) and in the latter case the lower critical solution temperature (LCST).
Above the UCST or below the LCST the components mix at all compositions.

1.3.1.3 Polymer crystallization

Polymers with a suitable chemical structure can undergo a phase transition from an
unordered to a semi-crystalline state. The term semi-crystalline accounts for the fact that a
polymer is never 100 % crystalline. Rather, it is a semi-crystalline material consisting of
amorphous and crystalline phases. Crystallization involves a conformational transition of
the polymer chains. In the molten state the chains adopt a random coil conformation.
Cooling below this temperature leads to the formation of extended segments with increased
order. These segments are interrupted by regions of low order. The extended segments align
in parallel, held together by non-covalent forces and grow in lateral dimensions. Several of
such crystalline sheets stack and are separated by the amorphous regions. It is possible that
these stacks form superstructures, which can be observed under the optical microscope.

Polymer crystallization is kinetically controlled due to the slow diffusion of the high
molecular weight compounds.30–32 It is limited to the temperature range between the glass
transition temperature, Tg, and the equilibrium melting temperature Tm°. The melting
temperature Tm increases with the thickness of the crystalline sheets and would reach Tm°
for infinitely thick crystallites. The finite thickness of the crystalline sheets increases with
the crystallization temperature Tc. Thus, Tm° of a given polymer can be obtained by plotting
Tm as a function of Tc by extrapolation to the line Tc = Tm. At Tm° the rate of melting equals
the rate of crystallization. At a temperature slightly below Tm° the degree of undercooling
(ΔT = Tm° - Tc) is low. It follows that the nucleation rate is slow and crystallization is hardly
observed. At temperatures slightly above Tg, the observed crystallization rate is low due to
the slow diffusion of the polymer chains. The crystallization rate is the highest in the
intermediate temperature range between Tg and Tm°. The crystallization rates can be
increased by adding nucleating agents or plasticizers. The first type of additives aim to
enhance the melt with heterogeneous surfaces as nucleation sites. Plasticizers increase the
chain mobility and the Tg shifts to lower temperatures. The presence of plasticizers can
affect Tm° and therefore the nucleation process.33

1.3.2 Phase behavior of Poly(2-oxazoline)s in solution

The solubility of poly(2-oxazoline)s in water and organic solvents depends on the N-acyl
substituent. A good overview of the poly(2-oxazoline) solution properties is given in several
review articles.12,34,35 The most attention is devoted to aqueous poly(2-oxazoline)s solutions.
Poly(2-methyl-2-oxazoline) (PMeOx) is soluble in water at all temperatures, while poly(2-
ethyl-2-oxazoline) (PEtOx),36 PiPOx,37 PcyPOx15 and PnPOx38 dissolve in cold water. Their
solutions phase separate upon heating at a characteristic temperature (Ttrans). Poly(2-butyl-
2-oxazoline) and higher homologues are not soluble in water.
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The transition from a homogeneous to a heterogeneous system upon heating aqueous
solutions of some poly(2-oxazoline)s is driven by thermodynamics. Attractive polymer-
water interactions contribute with a negative sign to the Gibbs free energy (ΔMH < 0). These
attractive interactions are counterbalanced by a decrease of translational entropy (ΔMS < 0)
of the bound solvent molecules. With increasing temperature the -TΔMS term becomes
dominant and the Gibbs free energy turns positive, which causes the release of the bound
water and the coil-to-globule transition. The globules form a polymer-rich dispersed phase
with a different refractive index than the bulk water and the sample turns turbid.
Experimentally, the most common techniques to detect the phase transition are
transmittance measurements and high sensitivity differential scanning calorimetry (µDSC).
The first technique gives the cloud point temperature (TCP) of the solution. The second
technique measures the heat transfer during heating which passes through a maximum at
Tmax. TCP and Tmax are not identical for a given solution as different physical properties are
probed in the two measurements. For some polymers the change of transmittance and the
endotherm take place in a narrow temperature range. In this case the transition is an all-or-
none process. The theoretical model for this behavior was derived by Tanaka, F.39,40

According to this model the hydration of one repeating unit by a molecule of water causes
the reorientation at the neighboring repeat unit, and facilitates the formation of long
sequences of bound water molecules along the polymer chain. The transition broadens when
the hydration cooperativity is disturbed.

The transition temperature of thermo-responsive poly(2-oxazoline) solutions depends
on the polymer concentration. The minimum of the demixing curve in a temperature vs.
concentration phase diagram defines the lower critical solution temperature (LCST). At
constant polymer concentration, Ttrans decreases with increasing molecular weight
(PEtOx,36,41,42 PnPOx41 and PiPOx43). PEtOx41 (DP 100) and PiPOx44 (DP 17) exhibit a
Ttrans of above 100 °C and 73 °C (1 g/L), respectively. Ttrans can be adjusted between 20 and
80 °C by copolymerization of different 2-oxazolines.38,41,45,46 Also the chain architecture
has an influence on Ttrans as shown for star-like,47 comp-like,44 and cyclic48 poly(2-
oxazoline)s in comparison to linear ones.

The solution behavior is affected by addition of salts36,49 and cosolvents.50 The latter
case is of particular interest. Different thermo-responsive polymers exhibit contrasting
trends of Ttrans when a second good solvent, such as methanol, is added to the aqueous
solution. Ttrans of poly(vinyl methylether) in water increases continuously with increasing
methanol content.51 Solutions of poly(N-isopropyl acrylamide) (PNIPAM) in
water/methanol mixtures of 5 - 35 mol% methanol exhibit the opposite trend, Ttrans

decreases.51,52 This behavior was termed cononsolvency and several theories have been
proposed to explain the phenomenon. The central arguments in the ongoing debate are:
competitive H-bonding of water and methanol molecules, which leads to a loss of the
hydration cooperativity and the formation of unsolvated sequences along the polymer
chain,53,54 geometric frustration,55 changes of the chain conformation in the coil and the
globular state in the presence of methanol,56,57 bridging interactions of preferential bound
methanol molecules,58,59 or the energetic states of free and bound water.60,61 Some authors
see an important role in the H-bond donor ability of PNIPAM. They compare the phase
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behavior of PNIPAM in water/methanol mixtures to the behavior of thermo-responsive
polymers which lack the ability to act as a H-bond donor.62

The balance of polymer-polymer and polymer-solvent interactions is important for the
discussion of PiPOx-b-PLA BCP dispersions. In this respect it is interesting to note the
solution behavior of PEtOx and poly(acrylic acid) (PAA) in water and organic solvents.36

When these two polymers are dissolved separately in water and the two solutions are mixed,
strong H-bonding interactions cause precipitation of a complex. The same is observed for
solutions in methanol and dioxane, but not when dimethyl sulfoxide is used as solvent. The
yield of precipitated polymer depends on the ratio of PEtOx and PAA and is nearly 100%
at 42 mol% PEtOx. The stoichiometry in the complex varies with the composition of the
mixed solutions. The Tg of the complex after drying is a measure of the amount of H-bonds
formed. It depends on the PEtOx/PAA ratio and is higher than the Tgs of the pure
components, when the complex is formed in water or methanol. The Tg is lower when the
complex is prepared from dioxane solutions and is constant irrespective the PEtOx/PAA
ratio. The peculiar solvent effect is explained by the different pair interactions in the tertiary
mixtures.36

Aqueous solutions of PiPOx crystallize when the sample is kept above Ttrans for
prolonged times. The crystal structure observed by wide angle x-ray scattering (WAXS) is
identical to that obtained after crystallization in the bulk (see section 1.3.3.2).63 The
crystalline phase consists of nano-fibers, which assemble in spherical micron-sized
objects.64 The morphology depends on the temperature and can be modified by addition of
cosolvents and surfactants. The mechanism of crystallization involves first the coil-to-
globule transition, which is followed by liquid-liquid phase separation. The formation of a
bicontinuous phase of a vitrified sample at T > Ttrans was observed by cryogenic scanning
electron microscopy.64 Observations by optical microscopy revealed that the crystallization
takes place in the polymer rich liquid phase.65 On the molecular level IR-spectroscopy and
molecular modeling indicated that the PiPOx main-chain transforms into an all-trans
conformation at T > Ttrans prior to the crystallization.65 The oriented dipoles guide the growth
of the crystal.63,66,67

1.3.3 Phase behavior of Poly(2-oxazoline)s in the bulk

1.3.3.1 Miscible Poly(2-oxazoline) blends

Scheme 4 (A) Chemical similarity between the solvents DMF and DMAc and poly(2-
oxazoline)s. (B) H-bonding interaction between a poly(2-oxazoline) and a polymer
listed in Table 1.
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Material properties can be tuned by blending different polymers. For this purpose the
phase behavior of the two- or multicomponent systems needs to be understood, in particular
the nature of interactions between the components. Poly(2-oxazoline)s display structural
analogies to N,N-dimethylformamide (DMF) and N,N-dimethylacetamide (DMAc)
(Scheme 4 A). Both the polymer and the low molecular weight compounds contain a dipolar
tertiary amide bond and interact similarly with other components. DMF and DMAc are good
solvents for many polymers. Also poly(2-oxazoline)s are compatible with a number of
polymers and form miscible blends over a limited or the entire composition range. Table 1
lists polymers miscible with PMeOx and PEtOx. The listed polymers have in common the
ability to act as H-bond donor. They form H-bonds with the carbonyl-oxygen of the poly(2-
oxazoline)s (Scheme 4 B).36 The interactions of the H-bond donor polymers with PMeOx
are stronger than with PEtOx, as inferred from the shifts of the C=O stretching vibration
observed by FT-IR spectroscopy.68 The H-bonds act as physical cross-links between the
interacting polymer chains. The Tg of the blend may be higher than that of the pure
components.36 PMeOx is also miscible with poly(vinyl chloride) (PVC) and poly(vinylidene
fluoride) in blends of less than 50 wt% poly(oxazoline) content.69 Random copolymers
exhibit an interaction parameter different from that of a blend of the respective
homopolymers.70 Random copolymers of styrene and acrylonitrile with an acrylonitrile
content of 20-40 wt% are miscible with PEtOx over the entire blend composition range,
while poly(styrene) and poly(acrylonitrile) are immiscible with PEtOx.71

Table 1 Investigated H-bond donor polymers forming miscible blends with poly(2-methyl-
2-oxazoline) and poly(2-ethyl-2-oxazoline)

Polymer Reference
Poly(acrylic acid) (PAA) 36

Poly(vinyl alcohol) (PVA) 72,73

Poly(vinyl phenol) (PVPh) 36,68,74

Poly(hydroxyethyl methacrylate) 75

Poly(hydroxypropyl methacrylate) 68,75

Poly(hydroxyether) of bisphenol A 68,71

Poly(ethylene-co-methacrylic acid) 76

Poly(2-oxazoline)s were used to combine biopolymers with incompatible synthetic
polymers. Chitin is an abundant biopolymer with potential for medical applications but
suffers from poor solubility and processability. Chitin grafted with PMeOx and PEtOx
exhibits enhanced solubility. Solution cast films prepared of the graft copolymers mixed
with either PVA or PVC exhibit a single Tg and are miscible.72,73,77 In the same manor
cellulose grafted with PMeOx78 and lignin grafted with PEtOx79 form homogeneous films
with PVC. Block copolymers consisting of a PMeOx or PEtOx block and a poly(ethylene
glycol) or  poly(dimethyl silane) block were used to modify the electrostatic properties of
Nylon680,81 and poly (vinyl chloride)82 fibers. The poly(2-oxazoline) block acted as
compatibilizer.
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1.3.3.2 Crystallization of Poly(2-oxazoline)s

The Tg of poly(2-alkyl-2-oxazoline)s depends on the alkyl-chain length. In the series of
linear saturated alkyl-chains it decreases linearly from ~80 °C (2-methyl) to ~ -10 °C (2-
hexyl), due to the increasing segment flexibility.66 The Tgs of PPOxs follow the order
PcyPOx > PiPOx >> PnPOx, reflecting the rigidity of the propyl-group.15

Litt reported in 1969 a detailed x-ray study of crystalline poly(2-alkyl-2-oxazoline)
fibers.83 Poly(2-alkyl-2-oxazoline)s containing an isopropyl- or alkyl-substituents with four
or more carbon atoms are semi-crystalline. There exist conflicting reports, whether PMeOx
and PnPOx are semi-crystalline or not.7,66

Generally, semi-crystalline poly(2-alkyl-2-oxazoline)s crystallize in a triclinic unit cell
containing two repeating units. The -CH2-CH2-N-CH2-CH2-N- main chain is twisted and
runs along the c-axis with a periodicity of 6.4 Å. The side-chains are tilted by 54 ° from the
c-axis and the periodicity along the b-axis increases by 2 Å per CH2 group of the 2-alkyl
substituent. Over the years the interpretation of x-ray diffraction data has changed
concerning the precise crystal structure of PiPOx. Originally, Litt assumed a planar
orientation of all side-chains, which alternate to either side of the main chain. Recently,
Demirel proposed a helical orientation of the side-chains with a pitch length of 15 repeating
units.67

The Tm and crystallization kinetics depend strongly on the alkyl-substituent. Slow
crystallization is observed for PiPOx, while poly(2-hexyl-2-oxazoline) and higher homologs
crystallize more rapidly. This is attributed to the increasing distance between neighboring
chains and the decreasing dipolar interactions between the amide groups as the side-chain
length increases.66 These interactions are viewed as physical cross-links between chains,
which limit the chain flexibility and therefore restrict the transformation to the highly
ordered semi-crystalline phase. Poly(2-oxazoline)s with 2-hexyl and longer side-chains
have a Tm around 150 °C, that decreases with increasing side-chain length. PiPOx has an
exceptionally high melting temperature of around 200 °C ascribed to the denser packing and
stronger dipole interactions.

1.3.4 Phase behavior of Poly(2-oxazoline) dispersions

Amphiphilic polymers form colloidal dispersions in water.84 According to Hadjichristidis a
fundamental study of the micelle formation should address “the structure of an isolated
micelle and […] the configuration of a (individual) block copolymer chain incorporated in
a micelle.”85 Spherical, cylindrical and vesicular particle morphologies have been observed,
depending on the molecular properties of the BCP and the solvent selectivity.86 The particle
preparation process has an important effect on its morphology.87,88 Dispersions are
stabilized by a delicate balance of interactions. Solvophobic polymer segments associate in
the core of the particles to avoid unfavorable contact with the continuous phase.
Macroscopic phase separation of the insoluble material is prevented by the soluble polymer
segments that remain on the particle shell. In this micellization scheme the solvophilic and
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solvophobic polymer blocks segregate in the core and the shell of the micelle. The particle
structure is given by the volume fractions of the blocks. The situation is modified when the
segregating forces are opposed by attractive interactions between the two blocks.89 For
example oppositely charged polyelectrolytes undergo interpolyelectrolyte complexation
and form multicompartment micelles.90–92

Poly(2-oxazoline) stabilized dispersions in water have created a flow of publications in
the recent years.93,94 The heterogeneous dispersions can stabilize active ingredients that are
insoluble in the continuous phase. This is of particular interest for nanomedical applications
in which altered pharmacokinetics and tissue specific targeting are desirable. The properties
of poly(2-oxazoline)s in biological environments are often compared to those of
poly(ethylene glycol) (PEG), the gold standard polymer for biomedical applications.95–99

Undesired side-effects of PEG were observed in some patients recently, urging the search
for alternative polymers.97,98 A clinical trial of a PEtOx-protein conjugate for the treatment
of Parkinson’s disease was started in 2015.100–102 Poly(2-oxazoline)s fulfilling the
molecular requirements to self-assemble in water are easily obtained. BCPs exclusively
build from 2-oxazoline monomers can be produced by sequential monomer addition. Chain
extension with other types of monomers or polymer-polymer coupling reactions are feasible
by the choice of initiator and terminating agent.13 Driven by the versatility of the poly(2-
oxazoline) chemistry, numerous examples of particle dispersions have been studied on the
fundamental and applied level.

One challenge for nanomedical applications concerns the degradability of the polymeric
materials under physiological conditions. Poly(lactide) (PLA) is a biodegradable aliphatic
polyester used as biomaterial in various applications.103,104 Lactide, the cyclic diester of
lactic acid, exhibits two stereo-centers and therefore exists in the form of three isomers:
(S,S)-lactide (L-lactide), (R,R)-lactide (D-lactide), and (R,S)-lactice (meso-lactide).
Polymerization of L-lactide or D-lactide produces a stereo-regular semi-crystalline
polymer: PLLA and PDLA. The stereo-irregular, amorphous polymer PDLLA is obtained
by polymerization of meso-lactide or a racemic mixture of L- and D-lactide.

Several reports discuss fundamental and applied questions related to dispersions of
BCPs consisting of a PMeOx or PEtOx block and a PLA block.105–112 Some authors
characterized the micelles of PEtOx-b-PLLA by fluorescence techniques105 and NMR
spectroscopy,107 based on the assumption that PEtOx and PLLA phase separate strictly.
Addition of PAA to the PEtOx-b-PLLA micelles at pH < 3.5 leads to complexation between
PAA and PEtOx and causes precipitation.105 The PAA – PEtOx attraction ceases when the
pH exceeds 3.8 and the micelles redisperse. Micelles of PEtOx-b-PLA were loaded with
doxorubicin,107 paclitaxel,109 a vitamine E derivative,110 and agents for photodynamic
therapy112 to demonstrate the potential of these BCP micelles for drug delivery applications.
Le Fer et al investigated PMeOx-b-PDLLA particles prepared by the rapid solvent exchange
method.111 The particles were analyzed by dynamic light scattering, cryogenic transmission
electron microscopy (cryoTEM) and small angle neutron scattering (SANS). The
hydrophilic weight fraction of the BCPs ranged from 30 to 66 %. Surprisingly for such a
wide range of compositions the BCPs assembled into spherical particles irrespective of the
hydrophilic weight fraction. The authors conclude that the particle morphology is controlled
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by the kinetics of the self-assembly process. The particles consisted of a dense PDLLA-core
and a shell of not fully extended PMeOx-chains.

The phase behaviors of a given poly(2-oxazoline) in solution, the bulk state and
dispersion – set by the chemistry of the polymer chain – are closely related. Valuable
conclusions can be drawn by comparing the phase behaviors in the different states. The
miscibility of two polymers is straightforwardly established in the bulk by assessing the Tg-
region of the mixture. The cooperativity of the coil-to-globule transition observed in
solutions and dispersions of polymers by turbidity and calorimetric measurements is
diagnostic of the polymer conformation and the local environment around the chains. The
combination of appropriate analysis methods applied to polymers in the different states
allows to draw a comprehensive picture of their phase behaviors.
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2 Objectives

Poly(2-propyl-2-oxazoline)s exhibit unusual phase behaviors in solution, the bulk and in
dispersions. Each of these phases are potential fields of applications of poly(2-propyl-2-
oxazoline)s. The objective of this thesis is to bring together fundamental observations made
in the different states of matter.

The results are organized in the following chapters:

1. Synthesis and molecular characterization of poly(2-propyl-2-oxazoline)s and
PiPOx-b-PLA with controlled molecular weights and end-groups. I, II

2. Solutions of poly(2-propyl-2-oxazoline)s in water, in methanol and in
water/methanol mixtures; concentrating on the coil-to-globule transition. I

3. Bulk phase behavior of PiPOx, PLA and PiPOx-b-PLA; focus on the miscibility
of PiPOx and PLA and the crystallization behavior. II

4. Dispersions of PiPOx-b-PLA in water; aiming to uncover the particle
morphology and thermo-responsive behavior. III
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3 Experimental part

In this section the most important experimental procedures and characterization methods
are briefly summarized. Detailed descriptions are available in the respective publications
and their supporting information documents.

3.1 Syntheses and molecular characterization

3.1.1 Molecular characterization

The compounds synthesized were characterized by Fourier transform infrared (FT-IR) and
nuclear magnetic resonance (NMR) spectroscopy. FT-IR spectra were obtained with a
PerkinElmer One FT-IR-spectrometer (1 cm-1 resolution) or a Bruker ALPHA P (2 cm-1

resolution). Both spectrometers were equipped with an attenuated total reflection (ATR)
probe. NMR spectra (1H: 500.13 MHz, 13C: 125.77 MHz) were measured with a Bruker
Avance III 500 spectrometer. All spectra were calibrated against the solvent residual proton
signal (chloroform-d: 7.26 ppm, deuterium oxide: 4.79 ppm, methanol-d4: 3.31 ppm). The
probe temperature was 25 °C unless otherwise noted and controlled with a BCU-05 variable
temperature unit. Pulse sequences were used as published in the Bruker pulse program
catalog (zg30, zgpg30, ledbpgp2s, noesyphsw). Two-dimensional nuclear Overhauser effect
spectra (NOESY) were recorded with the mixing time set to 600 ms. Diffusion ordered
spectra (DOSY) were recorded at 10 °C with 32 steps of increasing the linear gradient
strength and a diffusion delay of 100 ms. The exponential decays of signal intensities with
increasing gradient strength were fitted according to standard equations to obtain the
diffusion constants.

The molecular weight distributions of the polymers were obtained by size exclusion
chromatography (SEC) or in some cases by time of flight mass spectrometry using the
matrix assisted laser desorption/ionization technique (MALDI ToF). SEC elugrams of the
polymers eluted with tetrahydrofuran (THF) + 1 % toluene or with N,N-dimethyl formamide
(DMF) + LiBr were acquired using a Waters 515 HPLC-pump (flow rate: 0.8 mL/min) and
a Waters 2410 refractive index detector. The polymer samples were fractionated with a set
of Waters Styragel HR 2, 4, 6, 7 and 8 columns (300 mm). Their relative molecular weights
were calibrated against polymethyl methacrylate or polystyrene standards. MALDI ToF
spectra were measured with a Bruker Microflex instrument in reflection mode. The samples
containing trans-3-indoleacrylic acid, sodium trifluoroacetate and polymer dissolved in
THF were prepared by air drying a drop of the mixture on a steel plate.
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3.1.2 Syntheses of 2-propyl-2-oxazoline monomers

The monomers 2-n-propyl-2-oxazoline (nPOx), 2-isopropyl-2-oxazoline (iPOx), and 2-
cyclopropyl-2-oxazoline (cyPOx) were synthesized according to the method of Witte and
Seelinger114 using different carbonitriles as source of the propyl-substituent. The
carbonitrile was reacted at 130 °C with a 1.1 molar excess of ethanol amine in the presence
of catalytic amounts of zinc acetate. Ammonia is released. The monomers were isolated by
distillation under reduced pressure.

3.1.3 Cationic ring opening polymerization of 2-propyl-2-oxazolines

The monomers were dried over calcium hydride and distilled immediately prior to the
polymerization. A mixture of monomer, acetonitrile and methyl trifluoromethanesulfonate
was brought to 70 °C under inert atmosphere. The monomer conversion was monitored by
1H NMR spectroscopy of aliquots withdrawn from the reaction flask. When the monomer
conversion reached approximately 70-90 %, the living chain ends were terminated by
reaction with sodium azide. The PPOxs were isolated by dialysis against water and freeze-
drying.

3.1.4 Ring opening polymerization of lactide

L-lactide and DL-lactide were polymerized in the bulk at 110 °C and 130 °C, respectively,
in the presence of propargyl alcohol and stannous octoate until complete monomer
conversion. The PLAs were purified by precipitation of concentrated solutions in
dichloromethane into ice-cold methanol, dissolved in 1,4-dioxane, and isolated by freeze-
drying.

3.1.5 Copper catalyzed cycloaddition of PiPOx-azide and PLA-alkyne

PiPOx-b-PLA block copolymers (BCPs) were obtained by reacting PLA, a 1.2 molar excess
of PiPOx and copper(I)/ N,N,N’,N’’,N’’-pentamethyldiethylenetriamine complex in DMF
under inert atmosphere at 50 °C. The catalyst complex was removed by passing the reaction
mixture through an aluminum oxide column. The eluted solution contained the BCP and
unreacted PiPOx. The solution was dialyzed against pure water and freeze dried. The solids
were re-dispersed in water at high concentration. Centrifugation at 14680 rpm (30 min) led
to the formation of a BCP pellet. The supernatant containing unreacted PiPOx was
discarded.
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3.2 Characterization of polymer solutions

3.2.1 Poly(2-propyl-2-oxazoline)s in water and in methanol

Solutions of poly(2-propyl-2-oxazoline)s in water and in methanol were prepared by
weighing dry polymer powders and solvent on the balance. The samples were kept at 5 °C
over night before any measurement. The solution properties were analyzed by NMR
spectroscopy as described in section 3.1.1.

The sample transmittance as a function of the temperature of aqueous solutions was
detected by turbidimetry at a wavelength of 400 nm and a path length of 1 cm. Transmittance
versus temperature curves were obtained with a CD spectrometer J-815 (Jasco) equipped
with a PTC-423S/15 Peltier temperature control system or a UV/vis spectrometer V-750
(Jasco) equipped with a ETCR-762 Peltier cell holder and a CTU-100 circulation thermostat
unit. Both instruments detect the temperature (+/- 0.1 °C) with a thermocouple placed inside
the solution. The samples were equilibrated at low temperature, typically 10 °C or 20 °C for
10 min and heated to 80 °C with a heating rate of 1 °C/min. In publication I the cloud point
temperature (TCP) was defined as the inflection point of the transmittance curve. In
publication III TCP was defined as the onset of turbidity determined by the intersection of a
tangent at the inflection point and a tangent at maximum transmittance.

Thermograms of the aqueous polymer solutions were obtained with a Malvern Microcal
PEAQ-DSC (publication I) or a Microcal VP-DSC (publication III). In both cases the
heating rate was 1 °C/min and the instrument operated without active cell-cell
compensation. A solvent baseline was subtracted from the sample data and the area under
the transition peak was integrated to give the calorimetric enthalpy.

3.2.2 Poly(2-propyl-2-oxazoline)s in water/methanol mixtures

Aqueous and methanolic stock solutions were prepared as described in section 3.3.1 and
mixed in appropriate portions as determined by weight. Turbidimetry and µDSC
measurements were conducted as described in section 3.3.1.

3.3 Characterization of the bulk properties

3.3.1 Miscibility of PiPOx and PLA

Solubility parameters δ of PiPOx (δPiPOx: 24.0 J0.5cm-1.5) and PLA (δPLA: 22.7 J0.5cm-1.5) were
calculated according to the method of Fedors.115 Differential scanning calorimetry (DSC)
experiments were conducted with a TA DSC Q 2000 using the refrigerated cooling system
RCS 90. Two mg of freeze dried homopolymer or BCP were loaded into a Tzero aluminum
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pan and sealed. The sample pan and an empty reference pan were placed into the
calorimetric cell, which was purged with a nitrogen flow (50 mL/min) during the entire
operation. The cell was equilibrated at 0 °C for 5 min and a heating/cooling/heating
experiment was performed. The glass transition region was examined during the second
heating (upper temperature: 215 °C, heating/cooling rate: 10 °C/min). Blends of PiPOx and
PLA were analyzed following the same protocol after drop casting a ternary
PiPOx/PLA/chloroform solution onto a glass slide and vacuum drying.
Miscibility of the molten BCP samples (215 °C) was investigated by small-angle x-ray
scattering (SAXS). The instrument consisted of a Bruker Microstar microfocus x-ray source
(CuKα, 1.541 Å), a Montel multilayer focusing monochromator, four collimating slits and
a Hi-Star 2D area detector. The sample-detector path of 1.59 m was kept under vacuum to
prevent scattering from air. The instrument was calibrated with silver behenate. Intensity
versus scattering vector plots were obtained by azimuthal averaging the 2D scattering
profile.

3.3.2 Crystallization behavior

Polarized optical microscopy (POM) images were obtained using a JENAPOL polarizing
microscope using a Planchromat Pol 10x/0.20 ∞/0 objective and a Canon PC1146 digital
camera. The FP82 heating stage was operated with a FP80 central processor. The samples
were prepared by drop casting polymer/chloroform solutions onto glass slides. The vacuum
dried films were sandwiched between the glass slide and a cover slip, placed into the heating
stage and focused between the polarizers of the microscope. The samples were melted at
215 °C for 2 min and the polarizers aligned to minimize the transmitted light. For isothermal
crystallization, the temperature was set to 130 °C (cooling rate: 20 °C/min) and held
constant until completion of crystallization.

The POM observations were complemented by monitoring the isothermal crystallization
calorimetrically. The same equipment and sample preparation as described in section 3.2.1
were used. The samples were kept at 215 °C for 3 min and cooled to the isothermal
crystallization temperature (Tc, 80 °C/min). After 2 hours, the samples were heated to 225
°C. Isothermal crystallization of BCPs was investigated only at a Tc of 130 °C. For the
PiPOx and PLLA homopolymers, changes of the melting temperature (Tm) as function of Tc

were monitored by changing the sample for each Tc.
The crystal structure was analyzed by wide-angle x-ray scattering (WAXS). After

isothermal crystallization the brittle polymer films were detached from their substrate and
placed as powders between two MylarTM foils. Each sample was measured for 45 min. The
instrument consisted of an x-ray tube (PANalytical), a generator (Seifert), a Montel
multilayer monochromator to select the wavelength of CuKα irradiation and a 2D Mar345
detector.
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3.4 Preparation and Characterization of dispersions

Aqueous dispersions of PiPOx-b-PLA were prepared by dissolving a BCP in
tetrahydrofuran (THF) (10 g/L, 0.5 mL), a common solvent for PiPOx and PLA. This
solution was added dropwise to de-ionized water (2.5 mL), which was stirred moderately.
THF was allowed to evaporate at room atmosphere. Subsequently traces of THF were
removed by dialysis. The recovered aqueous BCP dispersion was diluted by addition of
water to reach a BCP concentration of 0.5 g/L, unless otherwise noted. The dispersion was
filtered 11 times each through track-etched membranes with pore sizes of 400 nm, 200 nm,
and 100 nm using an Avanti Polar Lipids miniextruder.

Concentrated dispersions (25 g/L) of BCPs in D2O were analyzed by 1H NMR
spectroscopy as outlined in section 3.1.1. The response to temperature changes of the
dispersions were investigated by turbidimetry and µDSC as described in section 3.3.1.

The particle size and morphology were analyzed by combined dynamic and static light
scattering using an instrument consisting of a Coherent Sapphire 488-100 CDRH laser, a
Brookhaven Instruments goniometer BIC-200SM, a BIC-CrossCorr detector and a BIC-
TurboCorr digital auto/cross-correlator.

Dispersions of BCPs in D2O (10 g/L) were characterized by small-angle neutron
scattering performed on the JEEP II reactor at IFE, Kjeller, Norway.

BCP dispersions were vitrified for cryo-TEM analysis with a Leica EMGP vitrification
device and observed with a FEI Talos Arctica microscope (200 kV) equipped with a Falcon
3 camera at a magnification of 57000.
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4 Results and Discussion

4.1 Polymer synthesis

The poly(2-oxazoline)s were synthesized by CROP of iPOx, nPOx, or cyPOx using methyl
trifluoromethanesulfonate as initiator. The absence of chain cleavage reactions was
confirmed in the case of PiPOx1-3 by the linear dependence of -ln(1-Xp) as function of the
polymerization time (Figure 2 A) and Mn as function of the monomer conversion (Xp, Figure
2 B). The polydispersity (Mw/Mn) of the growing chains was constant with values between
1.1 and 1.3 (Figure 2 C). When Xp reached 70-90 % the living chain ends were terminated
by addition of sodium azide.

Figure 2 (A) Semi logarithmic plot of Xp as function of t; (B) Plot of Mn as function of Xp, the
dotted lines correspond to the theoretical molecular weights; (C) Polydispersity as
function of Xp. Mn and PD obtained from SEC (THF, PS calibration).

The NMR spectra of the purified PPOxs (Figure 3 A, CDCl3) confirm the purity of the
samples. The areas of the resonance signals correspond to the stoichiometry of the
respective protons. Proton(s) b of each PPOxs exhibit two resonances, separated by 110 Hz
(PcyPOx, PiPOx) or 50 Hz (PnPOx). This is due to the existence of different rotational
conformers which convert slowly on the NMR time scale. A detailed discussion of the
solution properties of the PPOxs follows in section 4.4.

The FT-IR spectra (Figure 3 B) confirm the presence of the azide end group (2100 cm-

1). The absorption of the carbonyl stretching vibration (~1630 cm-1) depends on the propyl-
substituents.

The molecular weight distributions of the PPOxs were obtained by SEC and MALDI
ToF. The absolute Mns of PiPOx1-3 extracted from the mass spectra are close to the

0 5 10 15 20 25 30 35 40
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

PiPOx1
PiPOx2
PiPOx3

-ln
(1

-X
p)

time / h

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0
2
4
6
8

10
12
14  PiPOx1

 PiPOx2
 PiPOx3

M
n /

 k
g/

m
ol

Xp

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
1.0

1.2

1.4

PD

Xp

A B

C PiPOx1 PiPOx2 PiPOx3



32

theoretical molecular weights (Figure 4 A). The Mns obtained from SEC are larger. This is
particularly true for PcyPOx, PnPOx, and PiPOx4 (Figure 4 B).

Figure 3 (A) Assigned 1H NMR spectra (CDCl3), and (B) FT-IR spectra; (from the top)
PcyPOx, PnPOx and PiPOx4.

Figure 4 (A) MALDI ToF mass-spectra of PiPOx1-3; (B) Elugrams of PcyOx, PnPOx, and
PiPOx4 (eluent: DMF, PMMA calibration).

Block copolymers (BCPs) of PiPOx1-3 with PLA were obtained in a two-step procedure.
First, lactide (L-lactide or DL-lactide) was polymerized by ring opening polymerization
using propargyl alcohol as initiator. Second, PiPOx and PLA were coupled by azide-alkyne
cyclo-addition. A 1.1 molar excess of the azido-functional PiPOx ensured complete
conversion of the propargyl-PLA. The unreacted PiPOx was separated from the BCP by
centrifugation of an aqueous dispersion. Figure 5 shows the SEC and 1H NMR data of BCP
3L2, obtained from the coupling of PiPOx3 with PLLA2. The elugrams confirm the success

3.6 3.2 2.8 2.4 2.0 1.6 1.2 0.8 0.4
d / ppm

a

a

a

a

a

a
b

b

b

b

b

b

c

c

c

c
c

c

d

d

3600 3200 2800 2400 2000 1600 1200 800

2100 cm-12100 cm-1

1628 cm-1

1634 cm-1

1625 cm-1

2100 cm-1

wavenumber / cm-1

2100 cm-1

A B

23 24 25 26 27 28 29

 PcyPOx
Mn: 22.2 kg/mol
Mtheo: 13.0 kg/mol

 PnPOx
Mn: 27.7 kg/mol
Mtheo: 11.2 kg/mol

 PiPOx4
Mn: 26.1 kg/mol
Mtheo: 11.5 kg/mol

elution volume / mL
0 2 4 6 8 10 12 14 16 18

0

5

10

15

20

25

30

35

In
te

ns
ity

 / 
a.

u.

m/z 103

x12.5

PiPOx1
Mn: 2.1 kg/mol
Mtheo: 2.2 kg/mol

PiPOx2
Mn: 7.1 kg/mol
Mtheo:6.7 kg/mol

PiPOx3
Mn: 12.5 kg/mol
Mtheo:11.4 kg/mol

A B



33

of the coupling reaction and the removal of unreacted PiPOx3. The disappearance of signals
b and e in the 1H NMR spectrum of 3L2 confirms the completeness of the conversion of the
PLLA propargyl end group.

Figure 5 (A) Elugrams of PiPOx3, PLLA2, 3L2 crude after the coupling reaction, and after
purification (eluent: THF); (B) 1H NMR spectra (CDCl3) of (from the bottom) PLLA2,
and 3L2 with assignments. Frames highlight the disappearance of signals b and e due
to the coupling reaction.

Table 2 Molecular properties of the polymers investigated in this thesis.

Homopolymers Diblock copolymers
Name Mn PD Ref. Name PD n/m ΦPiPOx N Mn Ref. Symbol in

Fig 11
PLLA1 5.9 1.11 II, III 1L1 1.08 0.30 0.32 81 6.5 II
PLLA2 10.0 1.09 II, III 1L2 1.08 0.22 0.26 104 8.2 II □
PLLA3 14.6 1.06 II, III 1L3 1.18 0.15 0.19 141 10.9 II

PDLLA1 4.9 1.43 II, III 1DL1 1.21 0.27 0.30 87 7.1 II
PDLLA2 9.0 1.41 II, III 1DL2 1.37 0.20 0.24 112 8.9 II ■
PDLLA3 17.7 1.35 II, III 1DL3 1.37 0.10 0.14 202 15.3 II
PiPOx1 2.0 1.08 II 2L1 1.03 1.90 0.75 96 9.5 II, III
PiPOx2 9.3 1.10 II, III 2L2 1.11 1.01 0.62 125 11.6 II, III ○
PiPOx3 15.5 1.28 II, III 2L3 1.08 0.58 0.48 171 14.9 II, III
PiPOx4* 26.1 1.14 I 2DL1 1.11 1.13 0.64 118 11.1 II, III
PnPOx* 27.7 1.22 I 2DL2 1.21 0.63 0.50 162 14.3 II, III ●
PcyPOx* 22.2 1.29 I 2DL3 1.29 0.35 0.36 239 19.8 II, III
PNIPAM* 17.5 1.28 I 3L1 1.10 2.82 0.82 150 15.3 II, III

3L2 1.13 1.94 0.75 168 16.6 II ◊
3L3 1.08 1.04 0.62 217 20.2 II, III

3DL1 1.34 1.89 0.75 169 16.7 II, III
3DL2 1.33 1.15 0.65 206 19.4 II ♦
3DL3 1.39 0.61 0.49 292 25.6 II, III

Table 2 summarizes the molecular properties of all polymers investigated in this thesis.
The left hand side contains the homopolymers. The listed PD and Mn values were obtained
by SEC using as eluent either THF or DMF (the latter marked with an asterisk). The right
hand side of Table 2 lists the BCPs. Their name is an acronym built from the respective
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homopolymer blocks. The first number stands for PiPOx1, 2 or 3 and the rest of the acronym
identifies the PLA block. The PD values were obtained from SEC using THF as eluent. The
ratio of PiPOx and PLA repeating units, n/m, was obtained from the intensities of signals
(I/4) and (a) in the 1H NMR spectra of the BCPs (Figure 5 B). This ratio is used to calculate
the molar fraction (not listed) and volume fraction ϕPiPOx. The degree of polymerization
N=n+m in absolute numbers was obtained from the MALDI ToF mass spectra of the PiPOx
homopolymers (Figure 4 A) and the molar fraction of PiPOx in the BCPs. The Mn values
result also from this calculation.

4.2 Poly(2-propyl-2-oxazoline) solutions

4.2.1 PPOxs in cold water and in cold methanol

PnPOx, PiPOx4 and PcyPOx were investigated by a set of NMR experiments (diffusion
ordered NMR, high resolution 1H, NOESY) in cold water and in cold methanol solutions
(2.5 wt%) to detect differences of the chain conformation. Table 3 summarizes the results
of the NMR experiments with the PPOxs and PNIPAM.

DOSY NMR measurements reveal that the polymer diffusion at 10 °C is faster in
methanol than in water in all cases. In water, the Rh values of the polymers are approximately
2.5 times higher than in methanol, which corresponds to an increase of the hydrodynamic
volume by a factor of 15. In water, the polymers associate in the form of loose aggregates
whereas in methanol they are dissolved as unimers.

Table 3 Solution properties of the PPOx and PNIPAM polymers in cold water and
methanol extracted from NMR experiments

Polymer DD2O
1 DCD3OD

1 Rh, D2O
2 Rh, CD3OD

2 rD2O
3 rCD3OD

3

PiPOx4 1.7 9.5 7.3 2.8 0.55:0.5 0.75:0.5
PnPOx 1.9 9.8 6.5 2.7 uniform 0.68:0.5
PcyPOx 1.7 9.2 7.3 2.9 0.66:0.5 0.80:0.5
PNIPAM 2.1 10.4 5.9 2.5 - -

1 Diffusion constants in 10-11 m2/s at 10 °C; 2 hydrodynamic radii in nm; 3 ratio on the
intensity (area) of the low field to high field signals due the proton(s) Hb, adjacent to the
amide carbonyl of the repeat units (see Figure 2).

The slow rotating bonds α and ß (Figure 7 A) can be identified with the help of high
resolution 1H NMR spectroscopy. Figure 6 A-C exhibits the spectra of PiPOx4, PnPOx and
PcyPOx in D2O and methanol-d4. Magnifications of the spectral regions around the signals
a, due to the methylene protons of the main chain, and b, assigned to the proton(s) adjacent
to the carbonyl-carbon are shown in Figure 6 D-F.
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The proton Hb adjacent to the double bond appears as two signals corresponding to the
“cis” and “trans” orientations towards the carbonyl-oxygen (Figure 7 B). The two
confomers are resolved in the 1H NMR spectra. The ratio r of their populations is given in
Table 3. It changes depending on the polymer structure and on the solvent. In water, the
rotation is less restricted than in methanol and the populations of the different confomers
are more uniform.

The α-bond is part of the delocalized π-electron system of the amide-bond and therefore
the two methylene groups bound to same nitrogen-atom are distinguishable in 1H NMR.
This situation is analogous to the well understood 1H NMR spectrum of DMF. It exhibits
two methyl group signals, one due to the “cis” methyl group and the other due to the “trans”
methyl group with respect to the carbonyl bond. The latter is shifted downfield.116

The 1H NMR spectrum of PcyPOx in methanol-d4 exhibits a distinctive pattern of
signals. It is schematically explained in Figure 7 B. The signal of Ha in the main chain is
split into four resonances of which the two most downfield-shifted ones are assigned to the
orientation “trans” towards the oxygen. The “trans” and the “cis” Ha signals have an
intensity ratio of 1:1. The orientation of the proton Hb affects the magnetic environment of
the main chain and causes the splitting of the Ha signal into four resonances. The total
intensity of the Ha resonances highlighted red and blue in Figure 7 B is four times the
intensity of the “trans” Hb signal. The same intensity ratio is found for the Ha signals labeled
in green and yellow and the “cis” Hb signal. The correlation between these protons is further
substantiated by Nuclear Overhauser Effect experiments.

It should be noted that all spectra shown in Figure 6, except the spectrum of PnPOx in
D2O, exhibit two separated Hb resonances due to the slow rotation of the ß-bond. The
rotation of the PnPOx side-chain in water is not restricted due to its lesser steric demand.
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Figure 6 1H NMR spectra in D2O and methanol-d4 of (A) PiPOx4, (B) PnPOx, (C) PcyPOx,
(D-F) expansions of the spectra above; all spectra are normalized to the intensity of
signal a.

Figure 7 (A) 3D representation of one repeating unit of PcyPOx highlighting the slow rotating
bonds α and ß; (B) assignment of the 1H NMR spectrum of PcyPOx in methanol-d4
with respect to the “trans” and “cis” Hb confomers, “cis” and “trans” of the Ha
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4.2.2 Temperature dependent properties in water/methanol mixtures

Figure 8 A shows the changes in the solution transmittance of the PPOx samples and
PNIPAM solutions in water as a function of temperature. The cloud point temperatures
(TCP), defined as the inflection points of the transmittance vs. temperature curves, are given
in Table 4. The polymers are soluble in cold water and phase-separate upon heating past the
TCP due to the release of polymer-bound water and the collapse of the chain. The transition
is reversible by cooling below TCP, which reestablishes the original clarity of the solutions.
The release of hydrogen bound water molecules is an endothermic process. The transition
enthalpy ΔH is obtained from the area of the endotherms observed by calorimetry (Figure
9).

The aqueous PnPOx solution has the lowest TCP and the highest ΔH values of the
polymers investigated. The transition is also the sharpest. This is reflected both in the shape
of the turbidity curve and the full width at half maximum (FWHM) of the endotherm (Table
4). The aqueous solution of PcyPOx has a similar TCP, but a low ΔH and a wide transition.
The shape of the endotherm of PiPOx4 in water is similar to that of PcyPOx. This is
indicative of non-cooperative hydration as a result of the restrained rotations of the side-
groups of PcyPOx and PiPOx.

Table 4 Thermodynamic parameters of the polymer solutions in water

PiPOx4 PnPOx PcyPOx PNIPAM
TCP, H2O / °C 36.0 21.5 23.8 33.9
ΔHH2O / kJ/mol 5.6 6.9 3.2 6.2
FWHMH2O / °C 2.8 1.5 5.1 2.6
dΔH/dϕMeOH / kJ/mol -0.13 -0.15 -0.08 -0.13

Figure 8 (A) Transmittance as function of temperature of the PPOx and PNIPAM aqueous
solutions during heating; (B) Cloud point temperatures (TCP) of the different polymers
in water and water/methanol mixtures of different composition.
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Methanol is a good solvent for the PPOx samples at all temperatures up to the boiling
point of the solvent. Figure 8 B presents the TCP values in water/methanol mixtures of the
three PPOx samples and PNIPAM. The latter is the classic case of a thermo-responsive
polymer exhibiting cononsolvency.51,52 The sample of PNIPAM in water/methanol mixtures
exhibits a decrease in TCP in the composition range of 0 to 45 volume % methanol (Figure
8 B). PnPOx exhibits a behavior similar to that of PNIPAM, although the TCP depression
(9.6 °C vs 23.9 °C) is less pronounced in PnPOx. The TCP value of PiPOx4 remains nearly
constant up to 20 vol% methanol, increases slowly between 25 and 38 vol% and then
increases sharply. The TCP value of PcyPOx increases in the composition range from 0 to
10 vol% methanol, remains constant between 10 and 25 vol% and then increases, similarly
to the case of PiPOx4.

Figure 9 shows the thermograms of the PPOx solutions in water/methanol mixtures.
Note the different scale of the ordinate in each panel. The methanol content increases from
the top to the bottom. For each polymer the transition maxima Tmax as a function of the
methanol content follow the same trends as those observed by the cloud point
measurements. Specifically, the thermograms confirm the cononsolvency of PnPOx and the
cosolvency of PiPOx and PcyPOx. With increasing methanol content ΔH decreases linearly
for each polymer (Figure 10). The slopes of the linear fits are listed in Table 4. The steepest
slope is obtained for the series of PnPOx solutions and the flattest slope for PcyPOx.

Figure 9 Thermograms in water/methanol mixtures of (A) PnPOx, (B) PiPOx, and (C) PcyPOx
solutions with variable methanol volume fraction.

The PPOx samples investigated have the tertiary amide moiety in common but they
differ in the rotational freedom of the side-groups. From the thermodynamic point of view
Ttrans varies with changes of the ratio ΔH/ΔS. Figure 10 shows that ΔH decreases linearly
with increasing methanol content irrespective of the occurrence of cononsolvency. This
leads to the conclusion that the variations in Ttrans are linked to the entropy term, which
consists of contributions of the solvent molecules and the polymer conformation in the coil
and globular state. One of the theories assumes that the methanol molecules act as
plasticizers for PNIPAM chains collapsed in the globular state.56,57 This interaction
effectively increases the entropy of the globules and tips the enthalpy – entropy balance in
favor of the globules. The study of the three PPOx samples brings forward that subtle
differences in the polymer structure have unexpectedly strong effects on the phase behavior
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in water/methanol solutions that cannot be credited to solely the plasticizing effect of
methanol.
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Figure 10 Transition enthalpy ΔH as function of the methanol volume fraction of the different
PPOxs, the lines through the points are linear fits.

4.3 PiPOx homo- and block copolymers in the bulk

4.3.1 Miscibility of PiPOx and PLA

Figure 11 gives an overview of the BCPs studied in this thesis ordered by the PiPOx volume
fraction ϕPiPOx and the segregation strength χN (Table 2). The calculated interaction
parameter χ between PiPOx and PLA repeating units is 0.068, a value that corresponds to a
small repulsion between the blocks. The dashed line in Figure 11 is the spinodal predicted
for amorphous A-B BCPs.117 Three BCPs are located above this line: 3DL3 (♦), 2DL3 (●)
and 3L3 (◊).
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Figure 11 Overview of the 18 PiPOx-b-PLA BCPs ordered by PiPOx volume fraction ϕPiPOx and
the calculated segregation strength χN. Open symbols correspond to BCPs
comprising a PLLA block, closed symbols correspond to BCPs comprising a PDLLA
block. The dashed line marks the spinodal line as predicted by Leibler.117

Differential scanning calorimetry (DSC) is the most frequently used experimental
technique to detect the miscibility of polymers. A phase separated mixture of polymers
exhibits the Tg values of each individual component, while a homogeneous mixture exhibits
a single Tg. Domains smaller than 15 nm cannot be resolved by individual Tg transitions in
DSC.118 Figure 12 A shows thermograms in the Tg regions of the homopolymers PiPOx3,
PDLLA3, a blend of the two homopolymers and the BCP 3DL3. The Tg values of the pure
homopolymers are marked with vertical lines. The blend exhibits two transitions, which are
shifted from the values of the pure compounds. Two mixed phases coexist, one is rich in
PiPOx3 and the other rich in PDLLA3. The BCP exhibits a single Tg, located between the
transitions of the two homopolymers, indicating a single-phase material. The different
results of blend and BCP is in agreement with theory. It was discussed earlier that a BCP
might be in the homogeneous disordered state, while a corresponding mixture of
homopolymers phase separates.117 The other 17 BCPs showed single Tgs as well (see
supporting information of publication I).

To confirm the miscibility of PiPOx and PLA in the BCPs, small angle x-ray scattering
(SAXS) of four selected BCPs, 3DL3, 3L3, 1DL1, and 1L1 was measured. The data
acquisition was done at 215 °C, above the melting temperature of the polymer. Figure 12 B
shows the SAXS scattering curves. There are no Bragg reflections in any of the selected
samples. The BCPs are in a disordered state at 215 °C.
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Figure 12 (A) Thermograms (2nd heating) in the Tg region of PiPOx3, PDLLA3, 3DL3, and a
PiPOx3/PDLLA3 blend of the same composition as in 3DL3. Vertical lines mark the
Tg of PiPOx3 and of PDLLA3. (B) SAXS curves of selected BCPs at 215 °C.

The experimental results from DSC and SAXS disagree with Figure 11, in which some
BCPs micro-phase separate. This prediction was made based on a calculated interaction
parameter. The equation used to calculate the interaction parameter χ(T)=υ/RT∙(δPiPOx -
δPLA)2 cannot result in a χ-parameter of negative sign, defined as attractive interactions.
However, it is possible that attractive dipolar interactions exist between the carbonyl-groups
of PiPOx (amide) and PLA (ester). The amide-carbonyl vibration in the FT-IR spectra of
PiPOx1 (1634 cm-1) and 1L3 (1643 cm-1) is shifted by 9 cm-1 in the presence of PLLA,
indicative of a significant change of the polarization of this bond.

4.3.2 Crystallization behavior

4.3.2.1 Homopolymers

The equilibrium melting temperature, Tm°, of the homopolymers was determined by
recording the dependence of Tm as function of Tc (Figure 13 A). The polymer melt was
cooled rapidly to a temperature above Tg and kept at the same temperature until
crystallization was complete (2 hours). Subsequently, the polymer was heated and the onset
of melting recorded. Tm° is the intersection of the extrapolated Tm vs Tc data points with the
virtual line Tm = Tc, at which crystallization and melting processes cancel each other. The
Tm° values of three PiPOx (2 - 15 kg/mol) and three PLLA (6 - 15 kg/mol) homopolymers
are listed in Table 5. For PLLA, Tm° increases with molecular weight from 156 to 183 °C,
while for PiPOx1 Tm° is 149 °C and for PiPOx2 and PiPOx3 it is nearly identical (~205 °C).

20 30 40 50 60 70

H
ea

t f
lo

w

T / °C

ex
ot

he
rm

PiPOx3

PDLLA3

blend

3DL3

0.04 0.06 0.08 0.10 0.12
10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

In
te

ns
ity

 / 
a.

u.

q / Å-1

3DL3

1L1

1DL1

3L3

A B



42

Table 5 Equilibrium melting temperature Tm° and inverse crystallization half time τ1/2
-1 at

a Tc of 130 °C of the homopolymers

PiPOx1 PiPOx2 PiPOx3 PLLA1 PLLA2 PLLA3
Tm° / °C 149 203 205 156 178 183
τ1/2

-1 / min-1 - 0.08 0.11 0.03 0.56 0.73

Isothermal crystallization provides also information on the crystallization kinetics. We
determined the time until half of the exothermal crystallization event was completed (Figure
13 B). The inverse of these values (τ1/2

-1) were plotted as a function of Tc (Figure 13 C). As
an example, the τ1/2

-1 values for PiPOx and PLLA homopolymers at Tc 130 °C are given in
Table 5. Ideally, one should obtain a bell-shaped curve, with low τ1/2

-1 values near Tm° and
Tg. For PLLA, the crystallization rate determining factor is the intrinsic viscosity.119 The
highest recorded τ1/2

-1 value increases with decreasing molecular weight. For PiPOx, the
highest τ1/2

-1 values are considerably lower than for PLLA and increase with increasing
molecular weight. This indicates that for PiPOx the chain mobility is not the crystallization
rate determining factor. The crystallization of PiPOx is directed by oriented dipolar
interactions63 and requires concerted main-chain and side-chain conformational
changes.65,120 With increasing PiPOx molecular weight, the number of oriented dipoles per
chain increases which might result in increasing crystallization rates.

Figure 13 (A) Melting temperatures Tm as function of Tc of the homopolymers; (B)
Crystallization isotherms at 130 °C of PiPOx3 and PLLA3; (C) Inverse
crystallization half-times τ1/2

-1 as function of the crystallization temperature Tc of the
homopolymers PiPOx1, 2, 3 and PLLA1, 2, 3.

Figure 14 shows photographs taken while monitoring by polarized optical microscopy the
isothermal crystallization at 130 °C of several samples. The samples were cooled from the
isotropic melt. Frames A and B show the different crystalline superstructures of PLLA3 and
PiPOx3, respectively. PLLA3 started to crystallize immediately when the sample reached
130 °C and spherulites filled the entire sample area within 5 min (radius: 430 µm +/- 100
µm). PiPOx3 crystallized in a granular superstructure (radius: 35 µm +/- 5 µm). The first
granules appeared after 12 min and it took 45 min until no further changes were detectable.

80 100 120 140 160 180 200
130

140

150

160

170

180

190

200

T m
 / 

°C

Tc / °C

PLLA1
PLLA2
PLLA3

PiPOx3
PiPOx2
PiPOx1

80 90 100 110 120 130 140 150 160
0.00

0.25

0.50

0.75

1.00

1.25

1.50

t 1
/2

-1
/ m

in
-1

Tc / °C
0 4 8 12 16

0

1

2

3

H
ea

t f
lo

w
 / 

m
W

time / min

PLLA3

PiPOx3

ex
ot

he
rm

PLLA1
PLLA2
PLLA3

PiPOx3
PiPOx2
PiPOx1B CA

Tc: 130 °C



43

Frame C of Figure 14 shows the crystalline superstructures of a PiPOx3/PLLA3 blend with
the same composition as the BCP 3L3. Both granules and spherulites are visible. The first
superstructure to be seen were granules of PiPOx after 8.5 min followed by few spherulites
after 15 min. The radius of the spherulites increased to 1200 µm +/- 400 µm.

Figure 14 Polarized optical microscopy images taken during the isothermal crystallization at
130 °C. The elapsed time after reaching Tc is indicated in the top right corner of each
frame. Scale bar: 1 mm; (A) PLLA3; (B) PiPOx3; (C) PiPOx3/PLLA3 blend.

4.3.2.2 Block copolymers

Figure 15 shows photographs after 30 min of isothermal crystallization at 130 °C of the
BCPs 3L3, 2L3 and 1L3 obtained by polarized optical microscopy. Frames A and B exhibit
only granular superstructures, which appeared after 6.5 min and 3 min, respectively. In
frame C (1L3) only spherulites are visible. They appeared 1 min after reaching 130 °C and
it took 90 min to convert the isotropic melt into the crystalline state.

Figure 15 Polarized optical microscopy images taken during the isothermal crystallization at
130 °C. The elapsed time after reaching Tc is indicated in the top right corner of each
frame. Scale bar: 1 mm; (A) 3L3; (B) 2L3; (C) 1L3.

The crystal structures of the homo- and block copolymers after 2 hours of isothermal
crystallization at 130 °C were investigated by WAXS (Figure 16 A). The amorphous
PiPOx1 exhibits no sharp signals. PiPOx3 and PLLA3 crystallized in their well-known
crystal structures.83,121 The selected BCPs exhibit different features in the WAXS curves.
3L3 exhibits only the signals of crystalline PiPOx, 1L3 only those of crystalline PLLA,
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while 2L3 is the only double-crystalline BCP of the entire library. 1L1 is amorphous. These
results were confirmed by the melting endotherms recorded after isothermal crystallization
(Figure 16 B). The thermogram of 3L3 exhibits only the melting of PiPOx, while that of
2L3 contains two endotherms, one at the characteristic Tm of PLLA the other at the Tm of
PiPOx. The thermogram of 1L3 shows the double melting peak of PLLA due to crystallites
of different size.
Figure 16 C presents the inverse crystallization half times τ1/2

-1 at 130 °C of all BCPs that
were detectable by crystallization. The τ1/2

-1 value of 1L3 is drastically lower than that of
PLLA3 (0.73 min-1). In contrast, the τ1/2

-1 values of PiPOx in the BCPs increase, compared
to the homopolymers PiPOx2 (0.08 min-1) and PiPOx3 (0.11 min-1).

Figure 16 (A) Wide angle x-ray scattering curves of various homopolymers (···) and BCPs (–)
after isothermal crystallization at 130 °C for 2 hours; (B) Thermograms (10 °C/min)
of selected BCPs after isothermal crystallization at 130 °C for 2 hours; (C) Inverse
crystallization half times τ1/2

-1 at a Tc of 130 °C of the BCPs.

The PiPOx-b-PLA block copolymers form a disordered isotropic melt. The PLA block
separates the PiPOx amide-dipoles. This plasticization effect facilitates the rearrangements
of the PiPOx chains before crystallization can take place. The crystalline PiPOx phase of
the BCP samples is indistinguishable on the atomic level (WAXS) from the crystalline phase
of PiPOx homopolymers, indicating that the crystallization of PiPOx causes the BCPs to
micro-phase separate. The crystallization of PLLA, which requires mobile polymer chains
and a high PLLA concentration near the crystallization nuclei is hindered in the presence of
PiPOx. The same processes take place in the PiPOx/PLLA blend causing an increase of the
crystallization rate of PiPOx and a reduction of the crystallization rate of PLLA. However,
as PLLA can migrate independently from regions of crystalline PiPOx, PLLA rich domains
are formed and eventually they crystallize in the sperulitic superstructure.
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4.4 Aqueous dispersions of PiPOx-b-PLA

4.4.1 Particle morphology

Particle dispersions were prepared by adding a solution of PiPOx-b-PLA in tetrahydrofuran
(THF) to water, followed by removal of the organic solvent. PLA is insoluble in water and
forms a dispersed phase. During the self-assembly process an interesting situation arises:
PiPOx can locate either in the continuous phase (water) or in the dispersed phase. In the first
case PiPOx and PLA would micro-phase separate and form a particle of core-shell
morphology, as observed for example in the case of PEG-b-PLA. In the other case PiPOx
and PLA would mix and combine.

Figure 17 A shows a cryo-TEM image of a dispersion of 3L3 subjected to vitrification
at room temperature immediately after the preparation. The contrast of the particles against
the vitrified water was not enhanced by staining the sample. The image shows fuzzy objects
with a radius of 8.7 +/- 1.4 nm, one of which is highlighted with an arrow. The distance to
the nearest neighbors measured from center to center is 70 +/- 10 nm, which is
approximately twice the hydrodynamic radius Rh of the particles (39 nm) obtained by
dynamic light scattering (DLS). The regular distance between the objects is due to steric
repulsion. The low contrast indicates a low density of the particles, which decreases from
the center to the surface. Only the most central part of the particles can be captured by cryo-
TEM.

To distinguish whether PiPOx micro-phase separates or mixes with the PLA phase 1H
NMR spectra of the dispersions in D2O are compared to the spectrum of a PiPOx solution
in D2O (Figure 17 B). The concentration of PiPOx in the solution spectrum and the
dispersion spectra is similar. The spectra are normalized to the intensity of the HOD signal.
The intensity of the PiPOx signals in the dispersion spectra is reduced by a factor of 400
(2L2) and 150 (3DL3) compared to the solution spectrum. The signals of the PLA blocks
are not observed in the spectra of the dispersions due to their low mobility. The spectra
imply that in the dispersions most of the PiPOx chains are immobile on the NMR time scale
and do not form a solvated shell around the particle core. The residual PiPOx signals become
visible after enhancing the intensity of the spectra by a factor of 75. This indicates that the
3DL3 dispersion has a larger fraction of mobile PiPOx chains than the 2L2 dispersion. It
should be noted, that in 1H NMR spectra of dispersions of PEG-b-PLA in water the intensity
of the PEG signal is not reduced signaling that PEG-b-PLA adopts a core-shell morphology,
unlike PiPOx-b-PLA.122,123
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Figure 17 (A) Cryo-TEM image of a 3L3 dispersion (0.5 g/L) vitrified at room temperature
immediately after preparation. The inset shows a histogram of the particle core
radius. (B) 1H NMR spectra in D2O at room temperature of a PiPOx2 solution (10
g/L), a 2L2 dispersion (25 g/L) and a 3DL3 dispersion (25 g/L). The solid lines are
spectra normalized to the HOD signal (4.8 ppm). The dotted lines are intensity
enhanced spectra (x75) of the dispersions.

The particle dispersions were analyzed at 20 °C immediately after preparation by
combined dynamic and static light scattering (DLS and SLS) at various angles. Plots of the
decay rates Γ vs. the squared scattering vector q exhibit translational diffusion of the
particles (Figure 18 A). The Rh values were obtained from a linear fit to the data. They are
listed in Table 6. The Rh of the particles increases with the molecular weight and ranges
between 18 and 60 nm. The respective CONTIN plots (Figure 18 B) exhibit rather broad
size distributions for some of the dispersions. The particle form factor P(q) is the ratio of
Rayleigh ratio at the scattering vector q, divided by the extrapolated Rayleigh ratio at q = 0.
The fit of the exponential decay of P(q) as function of q2, known as Guinier plot, gives the
radius of gyration (Rg) of an homogeneous sphere (Figure 18 C and Table 6). Rg increases
with molecular weight. The ratio ρ = Rg/Rh is indicative of the mass distribution and particle
morphology. The theoretical values of ρ for homogeneous hard spheres and for
monodisperse random coils are 0.775 and 1.50, respectively.124 A value of 0.926 is predicted
for solvent permeable globules with uniform segment density.125 The dispersions of PiPOx-
b-PLA exhibit a ρ-value between 0.9 and 1.1, except in the case of the dispersion of 2DL1
(1.6). This is remarkable since the PiPOx volume fraction ϕPiPOx of particles with the same
ρ parameter ranges from 0.36 (2DL3) to 0.82 (3L1). The similar ρ parameters listed in Table
6 indicate that the PiPOx-b-PLA particle structure is invariable to variations of the
hydrophilic-to-hydrophobic fraction. The particle size distribution of the 2L3 dispersion is
constant for at least 20 days when the sample is kept at room temperature.
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Figure 18 (A) Decay rates Γ as function of the squared scattering vector q of selected BCP
dispersions (0.5 g/L) in water obtained by dynamic light scattering; (B) Unweighted
particle size distributions obtained by CONTIN analysis of the autocorrelation
functions detected at a scattering angle of 90 °; (C) Guinier fits of the form factor
P(q) as function of q2.

Table 6 Particle properties at 20 °C obtained by light and small angle neutron scattering
of dispersions as prepared and after keeping at 50 °C for 2 hours.

As prepared After 2 h at 50 °C
Name Rh

a <Poly>b Rg
c Rg/Rh RSANS Rh

a Rg
c Rg/Rh RSANS

2L1 19 0.21 20 1.0 - - - - -
2L2 22 0.17 25 1.1 15.1 24 24 1.0 15.3
2L3 28 0.23 31 1.1 - - - - -

2DL1 18 0.23 29 1.6 9.9 bimodal 9.2
2DL2 29 0.19 28 0.9 - - - - -
2DL3 39 0.15 39* 1.0 - - - - -
3L1 22 0.16 22 1.0 - - - - -
3L3 39 0.21 42 1.1 17.5d bimodal 16.1d

3DL1 25 0.22 28 1.1 - - - - -
3DL3 60 0.13 65* 1.1 17.3 bimodal 14.0

All radii are given in nm; a Hydrodynamic radius Rh is obtained by the linear fit to the data
presented in Figure 3 A. b Averaged particle dispersity is obtained from 2nd order cumulant
analysis at 11 scattering angles. c Radius of gyration Rg is obtained by a fit of first or second
order (marked with an *) to the ln[P(q)] vs q2 data presented in the SI of III. d core-shell
model with 12.0 nm core and 5.5 nm shell before heating and 13.3 nm core and 2.8 nm shell
after heating.

Dispersions of 2L2, 2DL1, 3L3 (all ϕPiPOx: ~0.6) and 3DL3 (ϕPiPOx: 0.5) in D2O were
analyzed at 20 °C by small angle neutron scattering (SANS). A model independent Guinier
fit of the data taken from the 2L2 dispersion gives an Rg value of 14.8 nm. The scattering
intensities as function of q are fitted with models representing homogeneous spheres (2L2,
2DL1 and 3DL3) or a core-shell structure (3L3) (Figure 19). The latter is necessarily due to
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a bad fit of the data with the homogeneous sphere model, resulting from the higher density
of the central region of the 3L3 particles. The radii resulting from the SANS data are smaller
than those obtained by light scattering (Table 6). In SANS the scattering contrast is given
by the difference between the scattering length densities of the dispersed and the continuous
phase. The contrast of the dispersed phase is low when it is solvated. The analysis of the
SANS data of dispersions of 2L2, 3L3 and 3DL3 gives similar radii. In comparison, there
are significant differences in size between the samples observed by light scattering.
However, the ρ parameters of the samples are constant (1.1). Taken together this indicates
that the morphologies of 2L2, 3L3 and 3DL3 particles are similar. The spherical objects are
permeated by substantial amounts of solvent, which leads to a cut-off radius for SANS
observations of 15 -18 nm. The particles of 2DL1 are more hydrated leading to a smaller
RSANS value and a higher ρ parameter compared to the other samples.
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Figure 19 Fits to the SANS data of selected dispersions in D2O (5 g/L) at 20 °C obtained
immediately after particle preparation. Note that the lines were shifted vertically.

4.4.2 Temperature dependent behavior

Figure 20 A and B show the transmittance of the aqueous particle dispersions as function of
temperature during heating and cooling, respectively. The TCPs taken from transmittance
measurements of homopolymer solutions in water (PiPOx2 and PiPOx3) are listed in Table
7. The curves of the homopolymer solutions exhibit a sharp transition from 100 % to 0 %
transmittance as discussed in section 4.2.2. The dispersion of 2L2 exhibits no changes in
transmittance in the entire temperature range during heating and cooling. A similar result is
obtained for the dispersion of 3L3. During cooling, this sample exhibits a slight decrease of
transmittance between 80 °C and 45 °C from 100 % to ~70 %. The transmittance of the
2DL1 dispersion exhibits a minor change at 38 °C and then decreases with increasing rate
at temperatures above 53 °C. This process continues during cooling until the temperature
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falls below 58 °C. At 37 °C the transmittance increases slightly but the initial clarity of the
dispersion is never reestablished. The 3DL3 dispersion exhibits a sharp decrease of
transmittance at 43 °C, similar to the homopolymer solution. The dispersion remains turbid
after cooling.

Thermograms of the four dispersions are shown in Figure 20 C. In all cases the transition
enthalpies are low compared to the homopolymer solutions (Table 7). The dispersions of
2L2 and 3L3 exhibit broad transitions with a peak at low temperatures and a shoulder near
the temperature of the homopolymer transition. The dispersion of 2DL1 exhibits two
baseline separated low and high temperature transitions corresponding to the temperatures
at which changes of the transmittance occurred. The thermogram of the 3DL3 dispersion
exhibits a low temperature shoulder and high temperature peak.

The thermo-responsive behavior of PiPOx-b-PLA dispersions observed by
transmittance and calorimetric measurements is strikingly different from that of the
homopolymer solutions. The transitions are non-cooperative and the enthalpies are low. The
transmittance responds very weakly if at all. These observations support the hypothesis of
a dispersed phase in which PiPOx and PLA mix. In comparison micelles consisting of a
polyion complex core and a phase separated PiPOx corona exhibited sharp thermal
transitions.113

Figure 20 Dispersion transmittance during (A) heating and (B) cooling; (C) Thermograms of
the dispersions during heating, arrows mark the transition maximum of the respective
PiPOx homopolymer solutions. The polymer concentration of the dispersions was 0.5
g/L.

Table 7 Thermal properties of PiPOx solutions and dispersions

polymer cPiPOx
a TCP

b Tlow
c Thigh

c ΔHlow
d ΔHhigh

d

solutions PiPOx2 0.30 45.9 49.6 4.8
PiPOx3 0.30 41.4 43.6 4.8

dispersions

2L2 0.31 38.4 48.8 0.8
3L3 0.31 36.6 45.0 1.4

2DL1 0.32 37.4 53.5 0.6 0.9
3DL3 0.25 42.7 39.1 44.7 3.5
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a In g/L, nominal PiPOx concentration of the sample. b In °C, cloud point temperature
from turbidimetry. c In °C, shoulder or maximum in the thermograms. d In kJ/mol, transition
enthalpy with an error margin of +/- 0.1 kJ/mol.

The transmittance measurements of the dispersions of 3L3, 2DL1 and 3DL3 indicated
irreversible processes at elevated temperatures. Figure 21 shows particle size distributions
obtained by DLS analysis of a 3L3 dispersion at different temperatures. The average Rh is
49 nm at 20 °C and decreases to 40 nm at 42 °C, a temperature in the middle of the transition
observed by µDSC. At 51 °C, which is above the calorimetric transition, the size distribution
becomes bimodal (~30 nm and ~200 nm). After cooling back to 20 °C the bimodality is
retained and both populations are larger compared to the sizes at 50 °C (~45 nm and ~420
nm).

Table 6 lists the properties of the dispersions after keeping them at 50 °C for 2 hours and
cooling them to 20 °C. DLS gives bimodal distributions of the dispersions of 3L3, 2DL1
and 3DL3. At elevated temperature the particles form clusters, which retain their aggregated
state after cooling below the TCP of PiPOx. The dispersion of 2L2 is stable against
aggregation at elevated temperature and no changes of Rh and Rg are observed after heating.
The radii of the heat-treated samples, obtained by SANS, are similar to the radii before
heating. Clusters larger than 100 nm are out of the size range observable by SANS.
However, the SANS data reveal differences of the 3L3 dispersion before and after heating
(Figure 21). After heating the best fit was obtained with a cylindrical core-shell model,
which suggests a directional growth of the clusters. WAXS data before and after heating the
3L3 dispersion are identical and confirm that the temperature induced transformations are
not driven by crystallization. In comparison, no transformations of the particles are detected
by SANS and light scattering for the dispersion of 2L2 after the heat treatment.

Figure 21 (A) Particle size distributions of the 3L3 dispersion at different temperatures (0.5 g/L,
60 ° scattering angel); (B) Fits to the SANS data of dispersions of 2L2 and 3L3 at 20
°C (—) before heating and (···) after keeping at 50 °C for 2 hours.

Scheme 5 illustrates the particle morphologies of four different dispersions based on the
analysis of 1H NMR spectra, cryo-TEM, light scattering, SANS and the thermo-responsive
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behavior. Taken together all results support the model of a dispersed phase consisting of a
mixture of PiPOx and PLA. The dispersed phase is permeated by the solvent. The molecular
weight of the blocks and the PLA stereochemistry influence the particle morphology and
the thermo-responsive behavior. Particles consisting of PiPOx-b-PLLA are less permeable
by water and form denser particles compared to PiPOx-b-PDLLA. Loops and tails of PiPOx
orient towards the particle surface and stabilize the dispersions. These chains are divided in
short segments and their dehydration is non-cooperative. It is well documented that the TCP

of aqueous PiPOx solutions depends on the molecular weight. Oligomers consisting of six
repeating units are permanently water soluble.37,43,44

Scheme 5 Particle morphology of PiPOx-b-PLA dispersions in water.
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5 Conclusion

Poly(2-propyl-2-oxazoline)s were synthesized by cationic ring opening polymerization
and terminated with an azide end-group. The molecular weight of the homopolymers ranged
from 2 kg/mol to 12 kg/mol (MALDI-ToF) and was controlled by the monomer-to-initiator
ratio. The obtained polymers were narrowly dispersed (SEC) and their structure was
analyzed by NMR- and FT IR-spectroscopy. Poly(lactide) was prepared by ring opening
polymerization yielding a linear polymer with an alkyne end-group. Block copolymers
(BCP) of poly(2-isopropyl-2-oxazoline) (PiPOx) and poly(lactide) (PLA) were obtained by
click coupling. The volume fraction of PiPOx in the PiPOx-b-PLA BCPs ranged from 14 to
82 %.

PnPOx, PiPOx and PcyPOx are soluble in cold water and in methanol at all temperatures.
NMR spectroscopy reveals important information on the solution properties. In methanol
the PPOxs dissolve as unimers, whereas in water they form loose clusters. PnPOx in cold
water exhibits free rotation of the n-propyl side-group but the rotation is limited in methanol.
In contrast, the rotation is hindered for solutions of PcyPOx and PiPOx in water and in
methanol. This affects the hydration cooperativity and the collapse transition observed by
transmittance measurements and calorimetry. The phase diagrams constructed in
water/methanol mixtures of variable composition reveal important differences: PnPOx
exhibits cononsolvency, PcyPOx and PiPOx cosolvency. The transition enthalpy decreases
linearly with increasing methanol content, irrespective of the changes of the transition
temperature. These findings shed light on the influence of the polymer structure on the
delicate balance of entropy and enthalpy of mixing and their contributions to the free energy
of mixing in ternary polymer solutions.

The bulk phase behavior study was performed for PiPOx, PLA, their blends, and PiPOx-
b-PLA BCPs. This part of the study focused, first, on the miscibility of PiPOx and PLA and,
second, on the influence of miscibility on the polymers’ crystallization behavior. PiPOx-b-
PLA BCPs form a homogeneous melt (SAXS) and exhibit a single glass transition. A shift
of the PiPOx carbonyl-stretching vibration (FT-IR) indicates the existence of dipole-dipole-
interactions between the PiPOx and PLA blocks. These findings are further supported by
the similar solubility parameters of PiPOx and PLA. PLA acts as a plasticizer of PiPOx: the
crystallization rates of PiPOx in the BCP samples are significantly faster than that of the
homopolymers (polarized optical microscopy, calorimetry). This goes at the expense of the
crystallization of PLLA, which remains amorphous in most of the samples. Only one double
crystalline PiPOx-b-PLLA sample was observed (WAXS). The crystallization properties
depend on the molecular weight and the volume fractions of the blocks.

Aqueous PiPOx-b-PLA dispersions were prepared by transferring the BCPs from a
common solvent (THF) to a non-solvent for PLA (water). In this situation water competes
with PLA for the interactions with PiPOx. The dispersed phase consists of a mixture of
PiPOx and PLA. A small fraction of PiPOx chains orient towards the particles surface and
the continuous water phase (NMR). The particles are permeated by water molecules and the
contrast in cryo-TEM and SANS is low. The mass distribution within the particles is
constant over a wide range of PiPOx volume fraction: the Rg/Rh ratio is close to unity for
most of the samples (light scattering). Due to the interaction of PiPOx and PLA short
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segments of PiPOx remain tethered to the particle surface and stabilize the particles. The
response of these segments to changes in the dispersions’ temperature is non-cooperative
and strikingly different from that of PiPOx homopolymers. The transmittance changes
slowly upon heating and the endotherm is broad. The transition enthalpy is low due to the
small fraction of PiPOx undergoing a collapse transition. Changes of the transmittance are
irreversible due to the irreversible aggregation of the particles at elevated temperature. At
room temperature the particles are colloidally stable for extended time periods.

In this work it was demonstrated that slight variations in the chemistry of a poly(2-
propyl-2-oxazoline) chain and the addition of further components (PLA, water/methanol
mixtures) lead to unexpected phase behaviors which need careful evaluation in the
exploration of new applications. It can be anticipated that the unique particle morphology
of PiPOx-b-PLA dispersions leads to altered drug loading and release properties in
comparison to PEG-b-PLA dispersions in which the drug is loaded into a dispersed phase
consisting of PLA only. Investigations in this regard are ongoing.
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