88

POLIMERY 2014,59 nr1

Polyoxazolines — mechanism of synthesis and solution

properties

Andrzej Dworak"”, Barbara Trzebicka”, Agnieszka Kowalczuk?,

Christo Tsvetanov?, Stanislav Rangelov?

DOI: dx.doi.org/10.14314/polimery.2014.088

Dedicated to Professor Stanistaw Penczek on the occasion of his 80 birthday

Abstract: Oxazolines and the mechanism of their polymerization have been known for over 40 years. The relatively
easy control of the polymerization process of oxazolines, the wide range of oxazoline polymer properties, reaching
from strongly hydrophilic through amphiphilic, temperature responding to strongly hydrophobic and last not least
their high biocompatibility cause that these polymers are intensively studied and the interest for them seem to in-
crease. In this paper the cationic polymerization of polyoxazolines, especially the problem of the reversible desacti-
vation and reactivation of active centers, the self-organization and response to temperature changes of polyoxazo-
lines is discussed basing upon own research and literature reports. The synthesis of nanocontainers based upon the
thermoresponsivity of polyoxazolines for obtaining hollow nanoparticles in nanometer range is also described.

Keywords: oxazolines, polymerization mechanism, properties, self-organization, star polymers, thermoresponsive
polyoxazolines.

Polioksazoliny — mechanizm syntezy i wlasciwosci roztworow

Streszczenie: Niniejszy przeglad literaturowy dotyczy polimeréw oksazolin. Oksazoliny i mechanizm ich polimery-
zadji sa dobrze znane niemal od 40 lat. Relatywnie tatwa kontrola procesu polimeryzacji oksazolin, szeroki zakres
wlasciwosci polimeréw od silnie hydrofilowych poprzez amififilowe, reagujace na temperature, po silnie hydrofo-
bowe, a takze znaczna biozgodnos¢ powoduja, ze polioksazoliny sa wciaz intensywnie badane, a w ostatnich latach
zainteresowanie tymi polimerami zdaje sie rosna¢. W niniejszej pracy, na podstawie wtasnych pracidanych literatu-
rowych, opisano kationowa polimeryzacje oksazolin, w szczegoélnosci problem odwracalnej dezaktywacji i reakty-
wagji centrow aktywnych, a takze wybrane polimery oksazolin, zaréwno liniowe, jak i gwiezdziste, ich zachowanie
w roztworze, samoorganizacje i reakcje na zmiany temperatury. Opisano takze, wykorzystujace efekt termoczutosci
polimerow oksazolin, syntezy nanozbiornikdw — pustych nanoczastek o srednicy kilkuset nanometrow.

Stowa kluczowe: oksazoliny, mechanizm polimeryzacji, wlasciwosci, samoorganizacja, polimery gwiezdziste, ter-

moczute polioksazoliny.
INTRODUCTION

Monomeric oxazolines are known as since 1889 [1].
Their synthesis (several routes have been described) is
rather simple [2—5]. Oxazolines polymerize easily under
the action of cationic initiators. This process is very close
to living, opening wide synthetic possibilities and there-
fore a route to new materials of desired, widely variable
properties [6]. The affinity of polyoxazolines to water
may be controlled in a wide range by the proper choice of
the alkyl substituent at C2 and varies from highly water
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soluble methyl oxazoline to extremely hydrophobic fluo-
roalkyl substituted polyoxazolines, making these poly-
mers good objects for studying the water solution proper-
ties and the self-organization of amphiphilic polymers in
water. The biocompatibility of polyoxazolines is well pro-
ven, to an extent that the term “pseudopeptides” has
been coined for polyoxazolines [7] to turn attention to the
close structural similarity between the polyoxazolines
and polypeptides. Polyoxazolines were conjugated to
protein and small molecule drugs maintaining their acti-
vity [8], grafted onto liposomal bilayers [9], formulated
into micelles carriers [10] or immobilized on a surface
making antifouling devices [11]. All these factors have
caused that the interest in polymerization of oxazolines
and resulting polymers, once governed by purely funda-
mental research, seems to enjoy a renaissance in the last
years and is subject of numerous papers, mostly oriented
towards possible applications.
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LIVING CATIONIC POLYMERIZATION OF
OXAZOLINES: ELEMENTARY REACTIONS

Quite early it was established that oxazolines are ca-
pable to polymerize under the action of acidic initiators.
This process has been studied, giving rise to one of the
first well established descriptions of the living cationic
ring opening polymerization [12—14].

Already the pioneering works of Saegusa [12], Kagyia
[13] and Litt [14] have proven that the mechanism of the
polymerization, initiated by numerous kinds of Lewis
and protonic acids proceeds, roughly, according to the
mechanism shown in Scheme A.
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Scheme A. Polymerization of 2-oxazolines

Saegusa [12] has shown that during the growth of the
chain both kinds of active species: the ionic and the cova-
lent ones coexist in an equilibrium, the position of which
depends upon the basicity of the oxazoline monomer and
the nucleophilicity of the counter ion. Numerous systems
consisting of different oxazolines and initiators bearing
counterions of different nucleophilicty have been stu-
died, confirming this finding.

However, the question of the role of both kinds of ac-
tive centers: the ionic and the covalent ones, in the chain
growth, common to most problems of ionic ring opening
polymerizations [15], remained open.

The polymerization of oxazolines is a convenient mo-
del to study this phenomenon, because the ionic and the
covalent active centers give rise to distinct signals in the
"H NMR spectrum, as interconversion of ionic to covalent
centers is slow enough that the signals are well separated
(Fig. 1). It is possible to find a system oxazoline — initiator
— counter ion — solvent where this equilibrium can easily
be measured [16].

Changing the temperature rapidly the rate at which
the equilibrium was reached could be measured. This,
together with the data on apparent rate of chain growth
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Fig. 1. 'TH NMR (600 MHz) spectrum of the living polymer of me-
thyl oxazoline (initiator benzyl bromide(I), solvent nitrobenzene,
[M], = 1.5 mol/dm?, [I], = 0.15 mol/dm?, 25°C) (according to [16])

related to the ratio of ionic and covalent species, made all
rate constants of elementary reactions available with rea-
sonable accuracy.

The position of the ionic — covalent equilibrium de-
pends upon the monomer and the counter ion and is
strongly temperature dependent. With increased tempe-
rature the share of covalent centers growths. The chain
growth on ionic centers is always much faster than on co-
valent ones. The growth on cationic centers is almost ex-
clusively responsible for the chain growth, regardless of
the temperature and the actual share of their fraction. The
covalent centers undergo an intramolecular transforma-
tion (without the participation of the monomer) to the
ionic ones. The bimolecular conversion, under addition
of the monomer, is very slow and of negligible contribu-
tion to the growth of the material chain.

Quantitative data on the rate constants of the elemen-
tary reactions are thus available. For poly(2-me-
thyl-2-oxazoline) — bromide counter ion in nitrobenzene
values shown in Table 1 were obtained [16].

This data may be translated into time-related events.

Simple calculations based upon data in Table 1 yield
information about the time periods at which the elemen-
tary events occur. At 25 °C in nitrobenzene the cationic
active centers transform to the covalent ones via the col-
lapse of the ion par (i.e. intramolecularly) each 250 s. Du-
ring that time 0.006 molecules of the monomer are added
(each addition happens every 11 hours, a rather slow
growth). After the reversible termination, the collapse of
the ion pair, the active centers stays in the covalent form
for 154 s, before the intramolecular reinitiation occurs.
The covalent center, the bromide, may also be reactivated
in a bimolecular reaction with the monomer. This reac-
tion is extremely slow, it happens every 5-10° s. This time
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Table 1. Thermodynamic and kinetic parameters of the polymerization of 2-methyl-2-oxazoline with bromide counter ion in nitro-

benzene
Parameter kb, K2 AH, AE, AS
Equilibrium constant ionic-covalent centers 1.62 AH=-22.0 kJ/mol, AS=-70 J/ mol-deg
Rate constant of reinitiation 6.5-103 g1 AE=42.3 kJ/mol
Rate constant of temporary termination 40-103s1 AE=65.3 kJ/mol
Fraction of ionic active centers 55 % AE=80.0 kJ/mol
Rate constant of propagation on ionic active centers 4.2 -105 dm3 mol-s! AE=60.0 kJ/mol
Rate constant of propagation on covalent active centers <2-10¢ dm3 mol-s’! ~60 kJ/mol

Dk — rate constant, 2 K — equilibrium constant.

shortens of course with monomer concentration. The cal-
culated monomer concentration, at which the rate of bi-
molecular reactivation (the rate of chain growth on cova-
lent centers) would become equal to the rate of the intra-
molecular reinitiation, is ca. 1000 mol/dm®, which by far
exceeds the concentration of the monomer in bulk.

SYNTHESES OF 2-OXAZOLINE POLYMERS
AND MATERIALS BASED UPON THEM

The rather in-depth knowledge of the mechanism of the
cationic polymerization of oxazolines indicates that this
process may easily be controlled. The active centers are not
very reactive and therefore rather stable, the side reactions
(transfer or termination) may be suppressed. This, together
with confirmed or expected interesting properties of the
products opened ways to the syntheses of materials based
upon them, some will be outlined below.

Copolymers of oxazolines

Block copolymers of different oxazolines or oxazoli-
nes and other monomers, both vinyl and heterocyclic,
have been synthesized, mostly by subsequent monomer
addition using the living character of the polymerization
of oxazolines or applying the macroinitiator technique
[17—19] (Scheme B).
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Different macroinitiators have been used in the mac-
roinitiator technique, amongst others chloroformates or
carboxylic acid chlorides [20, 21]. The block copolymers
of oxazolines alone have most frequently been synthesi-
zed by subsequent monomer addition, using the active
centers at the end of the more basic (more reactive) oxazo-
line to initiate the polymerization of the second block.
Living character of the process and large differences in
reactivities of oxazolines made even a rather unique “one
pot” synthesis of block copolymers possible: methyl- and
phenyl oxazoline were mixed and the polymerization ini-
tiated [22]. After the more reactive monomer was consu-
med the temperature was increased causing that the
block of the less reactive monomer was formed.

The affinity to water of polymers of oxazolines de-
pends strongly upon the substituent in the 2 position:
polymers of methyl oxazoline are water soluble, ethyl or
isopropyl oxazoline thermoresponsive, while longer al-
kyl or phenyl substituent imparts a strong hydrophobic
character. Combining both blocks makes amphiphilic co-
polymers available and give rise to studies of their beha-
vior in water systems, also to studies of their self-organi-
zation [23 —28].

Trzebicka et al. [29] have synthesized poly(2-ethyl-2-
-oxazoline)-block-poly(2-phenyl-2-oxazoline) of diffe-
rent poly(2-phenyl-2-oxazoline) length (Scheme C) and
studied their behavior in water.
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Scheme B. Strategies for syntheses of oxazoline block copolymers a) by macroinitiator b) by subsequent monomer addition
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Scheme C. Synthesis of poly(2-ethyl-2-oxazoline)-block-poly(2-phenyl-2-oxazoline) (n = 60, m = 4, 12, 37)

Amphiphilic block copolymers frequently self-orga-
nize in water. However, not always micelles are formed.
Frequently, aggregation occurs to large, rather isotropic
structures.

Here, the copolymer with the shortest hydrophobic
2-phenyl-2-oxazoline block (4 units) formed highly hyd-
rated clusters. Their structure was destroyed upon
spin-coating. The increase of the length of the hydropho-
bic segment to 12 or 37 2-phenyl-2-oxazoline units resul-
ted in 50 —150 nm aggregates depending on the concen-
tration of polymer solution. Such structures are however
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Fig. 2. Behavior of poly(2-ethyl-2-oxazoline)-block-poly(2-phe-
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nyl-2-oxazoline) aggregates in water under the action of shear for-
ces

of limited stability. They may disintegrate even under the
action of relatively weak shear forces, depending on co-
polymer composition yielding single macromolecules
(m = 4), mixtures of aggregates and micelles (m = 12) or
well-defined stable micelles of 20 nm diameter (m = 37)
[29]. Behavior of studied copolymers is schematically
shown in Fig. 2.

Star polymers of oxazolines

Efficient and rather fast initiation of the polymeriza-
tion of oxazolines makes the synthesis of the star poly-
mers having polyoxazoline arms by the “core-first” tech-
nique easily accessible. In this method, cores containing

initiating groups are used to initiate the polymerization
of arm-forming monomers (for reviews, see e.g. [30—31]).

Different polyfunctional macroinitiators have been
applied to obtain stars with polyoxazoline arms: trichlo-
roformates [33, 34], tetrakis(bromomethyl)ethylene [35],
halomethylated silsequioxane [36, 37], or derivatives of
cyclotriphosphazene [38]. There are also reports about
the synthesis of the multiarm polyoxazoline stars using
halogenated hyperbranched cores as initiators [39, 40].

Kowalczuk et al. [41, 42] obtained a series of six and 13
arm star polymers of ethyl oxazoline (Fig. 3) initiating the
polymerization with dipentaerythritol hexakis(4-nitro-
benzene sulfonate) or nitrotoluenesulphonic acid esters
of hyperbranched polyglycidol. They have proven the
structure of obtained stars and looked into their solution
behavior, comparing the viscosity data obtained for such
stars with those of linear counterparts.

It is known that the viscosities of the solutions of star
polymers are lower than those of linear counterparts. The
theoretical predictions of the solution behavior is how-
ever difficult. Even flexible chains behave differently in
confined environment, bound to the star core, then as se-
parated chains in solution.

The well-defined poly(2-ethyl-2-oxazoline) stars of
different molar masses and 6 or 13 arms were used to

A=core: dipentaerythrityl hexakis(4-nitrobenzene sulfonate)

(6 initiating groups)

B=core: tosylated hyperbranched polyglicydol (13 initiating groups)
I=initiating groups

Fig. 3. Synthesis of 6 and 13 arm poly(2-ethyl-2-oxazoline) stars
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Fig. 4. Intrinsic viscosity vs. molar mass of linear (squares), 6 arms

(circles) and 13 arms (triangles) poly(2-ethyl-2-oxazoline)

look into this problem [41]. For comparison, intrinsic vis-
cosities of linear polyoxazolines of narrow molar mass
distribution were measured. In this way, the parameters
in the Mark-Houwink-Sakurada equations for all studied
linear and star poly(2-ethyl-2-oxazoline)s were obtained
using the plots shown in Fig. 4.

It turned out that, as may even intuitively be expected,
the molar masses of star polymers (triangles and circles
in Figure 4) are significantly lower than the molar masses
of their linear counterparts (squares in Fig. 4). However,
the intrinsic viscosities of the star polymer solutions
change with the molar mass in very much the same way,
as measured for their linear counterparts (similar a value
in M-H-S equation). This confirms the assumption, that
the chains bound at one end to the core behave like freely
moving in solution, when a certain lower limit of their
length is exceeded. The growth of the star macromolecu-
les by extending the arms (not by adding to the core more
arms of the same length) influences the solution in the
same manner as the growth of the length of the indivi-
dual macromolecules would.

The precision of the experimental results made also
the value of the shrinking parameter ¢’ (8" = [M]pranched /
[M]linear  at the same &) available. This parameter was establi-
shed to 0.60 for the 6 arm stars and to 0.32 for the 13 arm
stars, similar to the values predicted by Roovers [43] and
Douglas [44].

Thermoresponsive polyoxazolines

Many polymers exhibit limited solubility in water.
They are water soluble below a certain temperature and
precipitate, when this temperature, called cloud point
temperature Tp, is exceeded. This behavior, widely stu-
died and used for many purposes, is due to the limited
stability of hydrogen bonds, responsible for the forma-
tion of the hydration sphere, which keeps the macromo-
lecules in solution. When enough energy is supplied to
the system, the hydrogen bonds dissociate, the solvation
sphere is destroyed and the driving force for the solubi-

lity becomes too weak for the polymer to stay dissolved
[45].

Poly(2-ethyl-2-oxazoline) is known to exhibit such
property. The transition temperature depends rather
strongly upon the molar mass (and, at lower molar mas-
ses, upon the kind of the end groups) and varies from
80 °C for M,, of ca. 10 000 to 65 °C for M,, of ca. 60 000 [46].

851
801

L 751

65413 arm star @
60 6 arm star

55 T T L) T T T !
0 10 20 30 40 50 60 70

M, 10’ g/mol

Fig. 5. Cloud point temperatures of water solutions of linear

linear polymer

(squares), 6 arms (circles) and 13 arms (triangles) poly(2-ethyl-2-
-oxazoline)

It was found that also the star polymers of 2-ethyl-2-
-oxazoline exhibit such properties [41]. Also here the
transition temperature is molar mass dependent and falls
with increasing molar mass, even faster than in the case
of linear poly(2-ethyl-2-oxazolines). The cloud point tem-
perature changes depend also upon the topology: for the
star polymers it is by ca. 10 to 20 °C lower than for linear
chains (Fig. 5).

Thermoresponsive polyoxazolines as templates for
hollow nanoparticles

Polymeric vesicles consisting of a solvent (usually wa-
ter) reservoir surrounded by a polymer layer are interes-
ting structures, also because of their envisaged ability to
serve as transporting vehicle for active species, first of all
biologically active compounds. When the outer layer is
not covalently stabilized, the advantages are diminished
by the possibility of the disintegration caused by external
factors, like pH, ionic strength, temperature ea. There is a
need for nanoreservoirs with stable, but semipermeable
walls.

Different approaches have been described for the syn-
thesis of such nanoreservoirs [47 —51]. Most of them calls
for the use of a sacrificial template, a nanoparticle on
which the outer layer would be formed and which would
be removed after it fulfilled its role. Searching for an opti-
mal solution we have proposed to use the effect of ther-
moresponsivity for preparing stable, hollow nanopartic-
les.
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Above phase transition temperature thermorespon-
sive polymers form in semi-dilute water solution fairly
large particles usually precipitating from the solution.
However when proper conditions are chosen (polymer
molar mass and concentration, heating rate, presence of
surfactants) [52—>55] the size of the formed particles may
be controlled, so that particles of several hundred nano-
meter diameter and uniform distribution of sizes are for-
med. Such particles, frequently called mesoglobules, ex-
hibit interesting properties due to large surface — volume
ratio and their dimensions, determining the pathway in
physiological systems.

The idea of the proposed synthetic route is shown in
Fig. 6.

shell forming:
monomer-+crosslinke

dialysis- %

core-shell
nanoparticle

hollow
nanocapsule

Fig. 6. The route to hollow nanoparticles using thermoresponsive
template

At first, the template is formed using the thermores-
ponsivity of the dissolved polymer. Proper control of the
conditions should yields mesoglobules of the desired
size. Still keeping the temperature above the cloud point
another monomer and possibly a crosslinker is added.
The polymerization is initiated and, when the resulting
polymer is not water soluble, the shell is formed.

The core has to be removed. To do so, the temperature
is lowered below the cloud point temperature of the core
forming polymer. The polymer of the core becomes water
soluble and diffuses out of the interior, a process driven
by the concentration gradient of the core polymer in the
interior and outside of the polymer.

Our first attempt was concentrated on poly(N-isopro-
pyl acryl amide) as template forming polymer and po-
ly(hydroxyl ethyl methacrylate) for the shell formation
[56]. Nanoparticles of lose interior were obtained. How-
ever, only ca. 40 % of the core polymer could be removed
from the interior of the particle, either because it has been
grafted onto the shell polymer during the radical poly-
merization or because of the tight core structure.

The application of thermoresponsive polyoxazolines
to form the nanoparticle templates is the solution of
choice.

Poly(2-isopropyl-2-oxazoline) was chosen [57] to ob-
tain the template because it exhibit the cloud point tem-
perature of ca. 37 °C [45], thus making the preparation of
mesoglobules easier.

In the first step, 2-isopropyl-2-oxazoline was polyme-
rized using methyl p-tosylate, a cationic initiator. Poly-

mers of desired low molar mass from 3000 to 9000 and
narrow molar mass distribution were obtained.

The route shown in Fig. 6 was applied to prepare hol-
low particles using poly(2-isopropyl-2-oxazoline). Con-
ditions were searched to obtain nanoparticles of desired
diameter and narrow distribution of diameters to serve
as templates. A surfactant, sodium dodecyl sulfate was
added and the a very rapid heating was applied using
nanoprecipitation — the solution of the thermoresponsive
poly(2-isopropyl-2-oxazoline) was dropped into a large
amount of hot water, kept well above the cloud point of
the core forming polymer. Narrowly distributed nano-
particles of ca. 400 nm diameter were obtained.

These particles were used as templates to form the
shell. N-isopropyl acryl amide and a crosslinker were in-
troduced and the polymerization was initiated. As the
temperature was kept above the phase transition of po-
ly(N-isopropyl acryl amide) the formed polymer, inso-
luble under such condition, covered the template with a
shell of ca. 50 nm thickness.

To remove the sacrificial core the system was cooled
down to 20 °C. Poly(2-isopropyl-2-oxazoline) became
water soluble, diffused through the shell and could be re-
move by dialysis. Ca. 80 % of the template material was
removed, yielding hollow nanoparticles, as evidenced by
TEM.
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Instytut Chemii Przemystowej im. prof. I. Moscickiego w Warszawie
opracowal ogdlnokrajowa
BAZE APARATURY DO OKRESLANIA CHARAKTERYSTYKI I PRZETWORSTWA POLIMEROW
bedacej w posiadaniu uczelni, instytutow PAN i instytutéw badawczych.
Baza jest wyposazona w funkcje umozliwiajace wyszukiwanie wg zadanych parametrow: nazwy, typu lub
modelu aparatu, roku produkcji, producenta, charakterystyki parametréow technicznych, zastosowania do

badan, lokalizacji, stow kluczowych, sposobu wykonywania badan, numeréw norm, wg ktérych prowadzi sie
badania, oraz adresu i kontaktu z osobg odpowiedzialng za dany aparat. Baza jest ciagle uaktualniana.

Dostep do danychiwyszukiwanie informacji w bazie jest bezptatne.

Instytucje i firmy zainteresowane zamieszczeniem w bazie informacji o posiadanej aparaturze prosimy

aparaturapolimery.ichp.pl
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