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ABSTRACT: New thermoresponsive graft copolymers were synthesized by the cationic ring-opening
polymerization of 2-methyl-2-oxazoline (MeOxa) or 2-ethyl-2-oxazoline (EtOxa), initiated by the random
copolymers of chloromethylstyrene (CMS) and N-isopropylacrylamide (NIPAAm) using the “grafting from”
method with a yield of 66—94%. The polymers were characterized by NMR, GPC, and DSC, and the
conformational transition (lower critical solution temperature, LCST) of macroinitiators and graft
copolymers was determined by the turbidity and DSC measurements. The transition temperature of the
graft copolymers could be fine-tuned through the composition of the macroinitiator and the graft copolymer.
An increasing quantity of the hydrophobic comonomer chloromethylstyrene in the macroinitiator lowered
its LCST, while in the graft copolymer an increasing content of the hydrophilic segment of poly(2-methyl-
2-oxazoline) or poly(2-ethyl-2-oxazoline) raised the transition temperature. For graft copolymers with a
high content of long poly(2-alkyl-2-oxazoline) grafts, stabilized aggregates with a thermoresponsive core

can be formed at the LCST instead of precipitation of the material.

Introduction

Polymers are finding increasing applications in the
area of biomaterials. Polymer therapeutics! and syn-
thetic polymeric scaffolds for tissue engineering?? are
only two areas, where a particular design of polymer
properties can lead to materials with advantageous
response to e.g. injured or dysfunctional tissue. The use
of stimuli-responsive polymers and hydrogels is of
particular interest because it allows the design of
material which responds to the change in environmental
conditions by an abrupt change in physicochemical
properties.*? The homopolymers and copolymers of poly-
(N-isopropylacrylamide) (PNIPAAm) show a conforma-
tional transition or volume phase transition in a short
interval of temperature, called lower critical solution
temperature (LCST), which changes drastically the
physical and chemical properties.®” Thus, in aqueous
solution, PNIPAAm shows a sudden coil-to-globule
transition upon heating, which leads to a precipitation
or dispersion of the polymer.®° The LCST of the
PNIPAAm is with 32 °C near to the human body
temperature so that one can take advantage of this fact
to design materials which can be used in living systems
as biomaterials, such as thermoresponsive cell culture
carriers and thermogelling tissue scaffolds.10-13

The LCST of PNIPAAm can be varied by the copo-
lymerization of the NIPAAm monomer with hydrophilic
or hydrophobic comonomers®!4-22 as well as through
addition of electrolytes or a cosolvent.?3-24 The variation
of the transition temperature LCST in a relatively wide
range allows the application of this material not only
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as biomaterial but also in industrial systems of rheology
control, membranes, valves, and sensors.!6

The 2-oxazolines are heterocyclic substances (endo
iminoethers) whose polymerization has been researched
intensively.?5=28 The 2-oxazolines can be polymerized
through a ring-opening cationic polymerization produc-
ing poly(IN-acylalkyl imines), and this polymerization is
started by electrophilic species such as methyl triflate,
methyl tosylate, alkyl halides, and Lewis and Bronsted
acids. Under appropriate reaction conditions, such as
monomers, initiators, and solvents, pure and dry, the
polymerization of the 2-oxazolines shows a behavior of
“living” type, such as linear time—conversion relation
and the potential to synthesize block copolymers. In this
way, from the beginning of the polymerization not only
the degree of polymerization and its polydispersity but
also the functionality of the polymeric chains can be
predefined. Thus, different macromolecular architec-
tures, such as block and graft copolymers, telechelics,
and star polymers, can be easily obtained.29-34

Polyoxazolines show hydrophilic or hydrophobic char-
acter depending on the nature of acyl group. For
example, poly(2-methyl-2-oxazoline) (polyMeOxa) and
poly(2-ethyl-2-oxazoline) (polyEtOxa) are soluble in
water, whereas polyoxazolines with longer aliphatic
chains and aromatic or fluorinated groups show solubil-
ity only in organic solvents. However, the poly(2-ethyl-
2-oxazoline) and its copolymers already show an LCST
behavior over a wide temperature range, indicating an
increasing hydrophobicity compared to that of poly(2-
methyl-2-oxazoline).?53¢ Recently, poly(2-ethyl-2-oxazo-
line)-containing hydrogels have also been suggested as
temperature-sensitive biomaterials.3”

Through the use of the living characteristics of the
polymerization and by varying the oxazoline monomer
structure various functional polymeric materials, such
as polymeric nonionic surfactants, compatibilizers, hy-
drogels, stabilizers for dispersion polymerization, bio-
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Scheme 1. Synthesis of Copolymer of NIPAAm and CMS (Macroinitiators)
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Where: NIPAAm = N-isopropylacrylamide
CMS = Chloromethylstyrene

MI = Macroinitiator

Table 1. Synthesis of the Macroinitiators: Experimental Details and Results (Solution Polymerization, T = 70 °C, ¢ = 24
h, 0.5 mol % AIBN, Solvent: Dioxane 60 mL)

feed compositions content of CMS
macroinitiator NIPAAm (mmol) CMS (mmol) yield® (%) My? (g/mol) PDe¢ feed (mol %) copolym? (mol %)
MI1 48.02 0.49 85 29 250 4.9 1.01 1.0
MI2 55.20 1.42 84 27 900 4.5 2.49 2.6
MI3 43.66 2.30 81 29 000 3.7 5.0 5.3
MI4 43.66 4.85 83 24 150 3.4 10.0 10.0
MI5 26.50 7.00 55 13 700 2.6 20.9 26.0

@ Yield of the polymerization. ® Number-average molar mass M, determined by GPC. ¢ Polydispersity (PD = M,/M,) determined by
GPC. ¢ Mole percentage of initiator groups (—CH2Cl) per polymer chain of the macroinitiator determined by 'H NMR spectroscopy.

catalyst modifiers, and supramolecular assemblies, have
been developed.25:33

Changing the hydrophilic or hydrophobic character-
istic of the polyoxazolines, the transition temperature
LCST of the copolymers of NIPAAm can be varied.
David et al. have synthesized block and graft copolymers
of NIPAAm and 2-methyl-2-oxazoline through the mac-
romonomer method obtaining polymers, which showed
a LCST in relatively narrow temperature range from
33 to 36.5 °C.38 It was found that a higher degree of
polymerization of the polyoxazoline macromonomer and
a higher polymethyloxazoline content in copolymer
increase the LCST.

This paper describes the synthesis of graft copolymers
of NIPAAm and 2-methyl- and 2-ethyl-2-oxazoline
through the “grafting from” method (Scheme 1). We
have studied, in an ample range, the influence of the
hydrophobic initiating units inside of macroinitiator, the
polymerization degree of poly(2-alkyl-2-oxazoline) side
chains, and the total content of polyMeOxa or polyEtOxa
on the LCST behavior of graft copolymers.

Experimental Part

Materials. N-Isopropylacrylamide (Aldrich) was purified by
recrystallization from ethanol and dried in a vacuum. Chlo-
romethylstyrene (CMS) is a mixture of isomers (30% meta and
70% para) and was distilled twice before used. 2,2'-Azobis-
(isobutyronitrile) (AIBN) was recrystallized twice from metha-
nol. 2-Methyl-2-oxazoline (MeOxa) and 2-ethyl-2-oxazoline
(EtOxa) were purchased from Aldrich and distilled twice from
CaH; and stored under a dry nitrogen atmosphere. Diethyl
ether, dioxane, chloroform, and methanol were distilled before
used. Potassium iodide was used as received.

The water used for all the measurements was purified and
deionized in an Millipore Milli-Q purification system.

Synthesis of Copolymers of Chloromethylstyrene and
N-Isopropylacrylamide (“Macroinitiators”). A typical pro-
cedure was the following (MI3): 4.93 g of NIPAAm, 0.350 g of
chloromethylstyrene, and 0.040 g of 2,2'-azobis(isobutyroni-
trile) were added to the reaction vessel and dissolved in 60
mL of dioxane. Oxygen was removed by flushing with nitrogen
for 15 min, and then the reaction vessel was closed and heated

at 70 °C for 24 h. At the end of this time, the polymeric product
was obtained by slow precipitation of the reaction mixture in
diethyl ether. The precipitation was repeated twice, using the
solvent/nonsolvent system dioxane/diethyl ether. Finally, the
polymer was dried at 40 °C in a vacuum for 24 h. The
experimental details and results are summarized in Table 1.

NMR of MI5 in CDCl; (0, ppm): 'H: 1.1 (CHs, NIPAAm),
1.2—2.5 (CH, CHs, backbone), 3.7—4.1 (CH, NIPAAm), 4.5
(CHyCl, CMS), 5.5—6.6 (NH, NIPAAm), 6.6—7.5 (Ha,, CMS);
13C: 22.5 (CH3, NIPAAm), 30—45 (CH, CHs, backbone), 41.1
(CH, NIPAAm), 45.9 (CHxCl, p-CMS), 46.2 (CH»Cl, m-CMS),
125—-130 (CHa,, CMS), 135.4 (p-C, p-CMS), 137.5 (m-C,
m-CMS), 144.7 (ipso-C, CMS), 173.9 (C=0, NIPAAm).

Synthesis of Graft Copolymers Poly(chloromethylsty-
rene-co-N-isopropylacrylamide-graf¢-2-alkyl-2-oxazo-
line). A typical example was the following: 0.213 g of polymer
MI3, 0.032 g of potassium iodide, and 6 mL of benzonitrile
were added to a reaction vessel under flow of dry nitrogen.
After the total dissolution of the copolymer and salt, it was
added 0.30 g of 2-ethyl-2-oxazoline to the reaction mixture;
the reaction vessel was closed and heated at 120 °C for 7 h.
At the end of the graft copolymerization, 3 mL of a solution of
KOH in methanol was added to the reaction mixtures to
generate the hydroxy end groups. An excess of 5 mol % KOH
relating to CMS content of the macroinitiators was used. After
15 h at room temperature the reaction mixtures were poured
in 100 mL of diethyl ether to precipitate the polymer. The
precipitation was repeated three times using the solvent/
nonsolvent system chloroform/diethyl ether. Finally, the ob-
tained polymer was dried at 40 °C with a vacuum of 0.1 mmHg
for 24 h. The experimental details and results are summarized
in Table 3.

NMR of GC9 in CDCl; (6, ppm): 'H: 1.1 (CH3, NIPAAm
and EtOxa), 1.3—2.5 (CH, CH,, MI-backbone), 2.3 and 2.4
(C(O)CHy, EtOxa), 3.3—3.5 (NCHg, EtOxa), 4.0 (CH, NIPAAm),
5.5—6.7 (NH, NIPAAm), 6.7—7.5 (Ha,, CMS), 13C: 9.4 (CHs,
EtOxa), 22.5 (CHs, NIPAAm), 26.0 (C(O)CHs;, EtOxa), 32—40
(CHg, NIPAAm), 41.2 (NHCH, NIPAAm), 42.2 (CH, NIPAAm),
43—49 (NCHs, EtOxa), 125—131 (CHa,, CMS), 174.0 and 174.4
(C=0, NIPAAm and EtOxa).

Determination of the Transition Temperature. The
transition temperature of the synthesized polymers was
determined by the UV/vis turbidity measurements and the
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Table 2. T,* Determination of Macroinitiators

Tw(UViisy  Tuw(DSCY
macroinitiator® T (°C)  AC,? (°C) °C)
MI1 nm! nm. 29.5 32.0
MI2 n.m. n.m. 27.5 31.0
MI3 136.6 0.54 23.0 29.0
MI4 133.2 0.51 J J
MI5 124.4 0.43 J J
poly(NIPAAm)¢  135.7 0.54 32 32
poly(CMS) 742 0.29

@ Transition temperature. ® Macroinitiators. ¢ Glass transition
temperature determined by DSC method. ¢ AC,, of glass transition
temperature. ¢ T, determined by UV/vis method (600 nm, 1 wt %
polymer solution in water). / Tt determined by the DSC method.
& Poly(N-isopropylacrylamide), Polysciences, My, 40 000 g/mol, PD
2.4. " Poly(chloromethylstyrene) synthesized, M, 20 100 g/mol, PD
2.5. i Not measured.’ For MI4 and MI5 T} could not be deter-
mined.

DSC methods according to the procedure described in the
literature.b

UV/vis turbidity measurement: 30 mg of graft copolymer
was dissolved in 3 mL of bidistilled water, and then the
solution was filtered. For the measurement in the UV/vis
spectrometer, the sample was placed in a cells system, whose
temperature was controlled exactly by a temperature-regu-
lated bath containing a thermometer with thermocouple. The
specific heating rate was 0.05 °C/min. The transmittance was
measured at a wavelength of 600 nm. Other wavelengths have
been checked to notice any influence of the particle size. The
transition temperature was determined as the inflection point
of the transmittance vs temperature curve.

DSC method: thermograms of a 10 wt % aqueous polymer
solution were taken at a heating rate of 1 °C/min in a
temperature range of 20—70 °C. The onset temperature was
taken as the transition temperature.

Analytical Measurements. The 'H and *C NMR spectra
were recorded on a Bruker DRX 500 spectrometer using CDCls,
D30, or CD3OD as solvents. The spectra were referenced on
the solvent peak for CDCl; and CD3OD or on internal sodium
3-(trimethylsilyl)propionate-2,2,3,3-d4 (6(*H) = 0 ppm) for D-0.

Gel permeation chromatography (GPC) were measured on
a Waters system equipped with a 510 pump, detector UV-486,
detector RI-410, and ultrastyragels columns 7 um (500, 102,
104, 105 A). Chloroform or dimethylacetamide was used as
elution solvents with a flow rate of 0.5 mL/min. Polystyrene
standards were used for calibration.

Differential scanning calorimetry (DSC) were carried out
on a Perkin-Elmer DSC-7 to determine the glass transition
temperature (T) of the polymers and the transition temper-
ature of the polymer solutions. The T; were measured at a
heating rate of 10 K/min.

The UV/vis spectra for the transition temperature determi-
nation were obtained from a spectrometer Varian 100, equipped
with a thermostatically regulated bath.

Results and Discussion

Synthesis of Copolymers of Chloromethylsty-
rene and N-Isopropylacrylamide. The radical copo-
lymerization of chloromethylstyrene and N-isopropyl-
acrylamide was carried out in dioxane at 70 °C for 24 h
being started by 2,2'-azobis(isobutyronitrile) (Scheme 1).
The polymerization yields were relatively high with
>80%, except for the MI5 which was only 55%. In Table
1 the details of the synthesis of the copolymers of CMS
and NIPAAm as well as the obtained results are shown.

The copolymer structure was confirmed by NMR
spectroscopy. The signals of NIPAAm, p-CMS, and
m-CMS units of the copolymer could be assigned both
in 'H and in ¥C NMR spectra (see Experimental Part).

The comonomer content of MI1—-MI5 was determined
from the integrals of the isopropyl-CH (NIPAAm) and
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the CH2Cl (CMS) signal in the 'H NMR spectra. The
obtained CMS comonomer contents varying from 1 to
26 mol % are in good agreement with the initial molar
compositions (Table 1). For the polymerization system
CMS/NIPAAm no corresponding values of the reactivity
ratios (r1 and r9) are reported in the literature. However,
for the analogous polymerization system styrene/N,N-
diethylacrylamide, the copolymerization parameters are
r1 = 1.23 and ry = 0.39, respectively,?® indicating a
higher styrene reactivity and thus a favored incorpora-
tion of the styrene in the polymeric chain. From that
one would expect CMS to polymerize faster compared
to NIPAAm, which would lead to copolymers with a
higher CMS content at low conversion. At high conver-
sion, which most of our samples reached, this could in
principle lead to a certain heterogeneity within the
sample by the formation of longer sequences formed by
one monomer, since the NIPAAm will be predominantly
consumed at high conversion (Table 1). However, this
was never observed for our samples probably due to the
use of CMS as the minor component.

The GPC measurements show a monomodal distribu-
tion of molecular weight for the copolymers of NIPAAm
and CMS. The obtained molecular weight values and
the polydispersities are typical for polymer synthesized
by free radical polymerization (Table 1).

The DSC thermograms of copolymers of NIPAAm and
CMS show only one glass transition temperature (T),
which is slightly lower than the T'; of the polyNIPAAm
homopolymer with a T of 135 °C.3? The T of copolymers
decrease with increasing CMS content in the copolymer
because the T of the polyCMS homopolymer is only 75
°C40 (Table 2). The observed T, behavior of copolymers
of NIPAAm and CMS is typical of random copolymers.
As conclusion, regarding the macromolecular structure
of copolymers of NIPAAm and CMS, we can assume a
rather random distribution of the CMS units inside of
the polyNIPAAm segments.

As mentioned before, polyNIPAAm homopolymers
show a conformational transition (LCST) at 32 °C in
aqueous solutions. In the NIPAAm/CMS copolymers this
transition was observed as well, which was stated by
UV/ivis spectrometry and DSC measurements. The
obtained values for transition temperatures of copoly-
mers of NIPAAm and CMS are listed in Table 2. As was
expected, the inclusion of the hydrophobic comonomer
CMS inside the polymer structure decreases the transi-
tion temperature with respect to the polyNIPAAm
homopolymer. For a CMS molar content above 10%, it
is no longer possible to observe the transition temper-
ature, and the water solubility was significantly de-
creased to the point that the polymers are soluble in
water only at 5 °C.

It should be noted that the LCST refers to the
minimum in the phase diagram. Thus, we will present
our measured data as transition temperature T}, (under
the applied conditions).

Synthesis of Graft Copolymers Poly(chlorom-
ethylstyrene-co-N-isopropylacrylamide-graft-2-
alkyl-2-oxazoline). The synthesis of the graft copoly-
mers was carried out by the ring-opening cationic
polymerization of 2-methyl-2-oxazoline or 2-ethyl-2-
oxazoline, started by the random copolymer of chlorom-
ethylstyrene and N-isopropylacrylamide using the “graft-
ing from” method. Macroinitiators M1, M2, and M3 were
chosen as initiators because these macroinitiators ex-
hibit a volume phase transition, whereas no demixing
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Table 3. Synthesis of Graft Copolymers of NIPAAm and 2-Alkyl-2-oxazoline (AlkOxa): Experimental Details and Results
(Solution Polymerization: T = 110 °C for 2-Methyl-2-oxazoline, 120 °C for 2-Ethyl-2-oxazoline; ¢ = 7 h, Solvent:
Benzonitrile 6 mL, under Nitrogen, Molar Relation [KIl/[Ar-CH2Cl] was 2, 4, and 8 for GC1-9, GC10—-12, and GC13,14,

Respectively)
graft [AlkOxal/[CMS]* units¢ of [NIPAAm]/[AlkOxa]?
copolym macroinitiator (mol/mol) alkyloxazoline yield® (%) side chain (mol/mol) Tye (°C)

GC1 MI3 10.0 MeOxa 66 7 2.55 28

GC 2 MI3 19.0 MeOxa 78 20 0.89 34

GC 3 MI3 23.3 MeOxa 89 28 0.64 42

GC4 MI3 83.2 MeOxa 94 82 0.22 not found
GC5 MI3 13.25 EtOxa 67 8 2.23 29

GC6 MI3 19.6 EtOxa 76 17 1.05 36

GC7 MI3 30.3 EtOxa 83 28 0.64 40

GC 8 MI2 14.9 EtOxa 64 8 4.68 29

GC9 MI2 26.9 EtOxa 75 20 1.87 31

GC10 MI2 34.8 EtOxa 83 30 1.25 33

GC11 MI2 45.9 EtOxa 87 45 0.83 38

GC12 MI2 70.9 EtOxa 72 70 0.54 not found
GC13 MI1 28.1 EtOxa 68 21 4.71 32

GC14 MI1 51.8 EtOxa 75 45 2.20 34

@ Mole ratio for graft polymerization. ® Yield of the graft polymerization. ¢ Number-averaged degree of polymerization of polyAlkOxa
side chains determined by 'H NMR. ¢ Mole ratio of NIPAAm and AlkOxa of the graft copolymers. ¢ T, determined by the UV/vis method
(600 nm, 1 wt % polymer in water solution). T',s determined by the DSC method are the following: 31.3, 30.9, 31.3, and 31.8 °C for GC1,

GC5, GC8, and GC9, respectively.

Scheme 2. Synthesis of Graft Copolymers
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was observed for M4 and M5 due to the relatively high
CMS content. The polymerization was carried out in
benzonitrile at 110 °C (MeOxa) or 120 °C (EtOxa) for 7
h, and potassium iodide was used as activator (Scheme
2). Graft copolymers were obtained having a polyNIPAAm
main chain and poly(2-alkyl-2-oxazoline) side chains. In
Table 3 the details of the synthesis and the results
obtained are shown.

The TH NMR spectra of the graft copolymers, e.g., that
of GC6 depicted in Figure 1, clearly show the charac-
teristic signals of the NIPAAm units of the macroini-
tiator and the signals of polyEtOxa (or polyMeOxa).
Unfortunately, the connecting unit between the mac-
roinitiator and the polyoxazoline chain cannot be identi-
fied unequivocally because of both its low concentration
and signal broadening after incorporation in a polymer
backbone. From the initiation reaction and from evalu-
ating the properties of the products there is no doubt
that the polyoxazoline chains are really grafted onto the
MI. The averaged number of AlkOxa units (Table 3) in
the grafted polyoxazoline chains was calculated from the
signal intensities of the methyl signal of the NIPAAm
units and the NCHy signal of the polyoxazoline taking
into account the composition of the macroinitiator. The
calculated side-chain polymerization degrees vary from
7 to 82 monomeric units of MeOxa or EtOxa (Table 3).
The yield of graft polymerizations was between 66 and
94%.

In general, the results for the composition of the graft
copolymers synthesized with M1 are in good agreement
with initial molar relation of the comonomers at the

MI = Macroinitiator

BN= benzonitrile

beginning of the polymerization (Table 3). This indicates
that the size of the side chains of the grafted copolymers
can be controlled by the initial molar ratio of the
oxazoline and the CMS units inside of the macroinitiator
due to the “living” character of the polymerization of
2-oxazolines. As already discussed in previous papers
on similar polymerization systems,31:3241 the benzyl
chloride functional groups inside of macroinitiators in
the presence of potassium iodide form in situ the benzyl
iodide functional groups, which start the polymerization
of MeOxa or EtOxa by an ionic mechanism.

The results of GPC measurements for graft copoly-
mers are difficult to interpret since they show a rela-
tively broad distribution and unexpected values prob-
ably caused by the amphiphilic character of this
copolymers and the inadequacy of the GPC method for
that type of polymers.*%43 The graft copolymers can have
a interaction with the GPC column material or they can
form aggregates or micelles in the GPC—solvent mixture
(dimethylacetamide/water/LiCl).

DSC measurements show for some graft copolymers
the presence of two glass transition temperatures. For
example, for GC2, Tgs are observed at 76 and 119 °C,
which correspond approximately to the side chains of
poly(2-ethyl-2-oxazoline) with a T of 80 °C*° and to the
main chain of polyNIPAAm with 7 of 135 °C,3 respec-
tively. This allows the assumption that GC2 is phase-
separated in the solid state.

Determination of the Transition Temperature.
The transition temperature of these graft copolymers
was determined by turbidity measurements and in some
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Figure 1. "H NMR spectra of the macroinitiator MI3 (a; 5.3
mol % CMS) and the graft copolymer GC6 (b; prepared from
MI3 and EtOxa, n = 17) in CDCls.

cases by the DSC method. The first method consists of
measuring the average of the transmittance of the
aqueous polymer solutions vs the temperature. As was
expected, the inclusion of the hydrophilic segments of
poly(2-methyl-2-oxazoline) or poly(2-ethyl-2-oxazoline)
increases the value of the T} of the respective graft
copolymers of the macroinitiators of NIPAAm and CMS.
This increase is proportional to the content of alkyl-
oxazoline units in the side chains relative to the number
of NIPAAm units in the main chain within a series
using the same macroinitiator. Furthermore, the transi-
tion broadens with increasing poly(2-alkyl-2-oxazoline)
chain length, and it reduces the change in transmittance
in the UV/vis spectra (Figures 2 and 3). Moreover, when
the degree of polymerization is high enough, T}, is no
longer detectable by the UV/vis method.

The observed facts can be explained as follows: when
the length of poly(2-alkyl-2-oxazoline) side chains is
relatively short in relation to the content of NIPAAm
in the main chain, a change of conformation of graft
copolymers occurs, leading first to an intramolecular
collapse of the polymeric backbone followed by an
intermolecular aggregation of the polymeric chains as
the solution reaches the transition temperature.

This leads then to the precipitation of the graft
copolymer from the aqueous solution. However, when
the former relation is large enough, only the intramo-
lecular conformation change occurs but not the inter-
molecular one because the hydrophilic side chains of the
poly(2-alkyl-2-oxazoline) stabilize the collapsed macro-
molecules in aqueous solution and prevent the precipi-

Macromolecules, Vol. 38, No. 17, 2005
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Figure 2. Ti determination by the UV/vis method of graft
copolymer synthesized with EtOxa and MI3 (transmittance
(%)—temperature (°C) plot, 600 nm, 1 wt % polymer solution).
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Figure 3. T\, determination by the UV/vis method of graft
copolymer synthesized with EtOxa and MI2 (transmittance
(%)—temperature (°C) plot 600 nm, 1 wt % polymer solution).
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Figure 4. Conformational behavior of graft copolymer with
a relative high ratio of poly(2-alkyl-2-oxazoline) side chains
to NIPAAm backbone.

tation (Figure 4). In this way only molecular aggregates
will be formed which are undetectable by the turbidity
measurement. It has to be noted that at poly(2-ethyl-
2-oxazoline) also exhibits an transition temperature at
62 °C (minimum in phase diagram) as a homopolymer,
and the demixing or cloud point temperature is strongly
dependent on the concentration and the molecular
weight (type I behavior).38 During our studies, only the
transition temperature of the NIPAAm-containing back-
bone has been investigated since the temperature was
kept well below the expected transition of polyEtOxa.
Thus, the volume phase transition was not observed for
graft copolymers with long poly(2-ethyl-2-oxazoline)
chains, and no thermogelling was observed in the
aqueous system.

The former hypothesis indicated in Figure 4 is sup-
ported by results obtained from temperature-dependent
'H NMR experiments. Figure 5 depicts the '"H NMR
spectra of copolymer GC2 in D3O at different temper-
atures. The first spectra up to 32 °C are identical and
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Figure 5. Temperature dependence of the 'H NMR spectrum
(region) of GC2 in D20 showing the decrease in signal intensity

of backbone signals (W) above T%, and the unaffected signals
of the polyoxazoline grafts (@).

show the signals of both the NIPAAm units in the
backbone and the polyMeOxa graftings as assigned. At
about 34 °C a process starts, resulting in decrease in
intensity for the signals of the NIPAAm units as can
be well observed for the signals of the isopropylamide
group at about 1.1 and 4.0 ppm. The transition from a
solvated NIPAAm backbone to a collapsed solidlike
situation is connected with a drastic reduction in chain
mobility. These regions cannot be detected in a solution-
state NMR experiment which results in the observed
signal broadening. The onset temperature of 34 °C is
in excellent agreement with the T}, determined by the
turbidity measurements. A plot of the content of re-
maining mobile regions against the sample temperature
resembles the intensity curve of the turbidity measure-
ment. At about 50 °C the MI backbone signals nearly
disappeared, indicating a complete transition from the
solvated to a solidlike state.

However, the signals of the polyMeOxa segments at
2.1 (CH3) and at 3.5 ppm (NCHjy) do not suffer a
significant variation within the temperature range
investigated. This clearly indicates that the mobility of
the polyMeOxa side chains is hardly affected by the
transition of the backbone. The grafted chains are
solvated also above transition temperature. Summariz-
ing, one can state that when the graft copolymer
solutions reach Ty, the backbone segments of poly-
(NIPAAm) suffer a collapse while the side chains of
polyAlkOxa stay solvated and mobile.

The Tys for some macroinitiators and graft copoly-
mers were obtained also by the DSC method (Figures 6
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Figure 6. T\ determination of copolymers of NIPAAm and
CMS by the DSC method.
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Figure 7. T determination of graft copolymer by the DSC
method.

and 7). In the Tis of macroinitiators a correlation
between the UV/vis and the DSC values is observed.
The T} values obtained by DSC are always slightly
higher than the Tt values by UV/vis (Table 2). With a
higher content of CMS in the macroinitiators, the T, of
macroinitiators decreases and also the endotherm be-
comes broader. In the T of graft copolymers the
following is observed: again, in general, a certain
correlation between the T} via UV/vis and DSC is
noticed. The copolymers GC1 and GC5 were synthesized
on the basis of MI3, and their endothermic peaks are
similar to the peaks of this macroinitiator. They also
show a broad volume phase transition. GC8 and GC9
have a more narrow endotherm peak, and this is in
agreement with the UV behavior, which exhibits a sharp
transition curve with high intensity.

Conclusions

Graft copolymers with a backbone of polyNIPAAm
and polyMeOxa or polyEtOxa side chains can be syn-
thesized by the ring-opening cationic polymerization of
MeOxa or EtOxa initiated by benzyl chloride functional
groups in a random copolymer of NIPAAm and chlo-
romethylstyrene. The degree of polymerization of the
side chains of polymethyloxazoline or polyethyloxazoline
can be controlled by the initial molar ratio of 2-alkyl-
2-oxazoline to benzyl chloride. This is possible because
the polymerization of the oxazolines has “living” char-
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acter without the occurrence of chain transfer or ter-
mination reactions.

The transition temperature of the graft copolymers
can be controlled through the composition of the mac-
roinitiator and the graft copolymer. An increasing
quantity of the hydrophobic comonomer chloromethyl-
styrene in the macroinitiator decreases the transition
temperature, while in a graft copolymer an increasing
content of hydrophilic segment of poly(2-methyl-2-
oxazoline) or poly(2-ethyl-2-oxazoline) raises the tem-
perature of transition. When the content of the hydro-
philic part is large enough, the transition of the
copolymer cannot be observed any more, and it is
possible that macromolecular aggregates are formed in
aqueous solution stabilized by the polar polyoxazoline
side chains. The NMR measurements indicate clearly
that the mobility of the polyMeOxa side chains is hardly
affected by the transition of the backbone. The grafted
chains are solvated also above the transition tempera-
ture.

The grafted copolymers synthesized in this study,
especially the stabilized aggregates with the thermore-
sponsive core and the water-soluble shell like side
chains, could find a practical use as biomaterial for the
application as cell cultivation carrier, and drug delivery
systems with a stimuli-responsive release of bioactive
substances, or in the rheology control of aqueous solu-
tions.
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