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Abstract Thermo-sensitive poly(2-isopropyl-2-oxazoline)s
(PiPrOx) were functionalized with end groups of different
polarity by living cationic ring-opening polymerization
using the initiator and/or termination method as well as
sequential block copolymerization with 2-methyl-2-oxazoline.
As end groups, methyl, n-nonyl, piperidine, piperazine as well
as oligo(ethylenglygol) and oligo(2-methyl-2-oxazoline) were
introduced quantitatively. The lower critical solution temperature (LCST) of the aqueous solutions was investigated. The
introduction of hydrophobic end groups decreases the LCST,
while hydrophilic polymer tails raise the cloud point. In
comparison to poly(N-isopropyl acrylamide), the impact of
the end group polarity upon the modulation of the LCST was
found to be significantly stronger. Surprisingly, terminal
oligoethylenegycol units also decrease the LCST of PiPrOx,
thus acting as moieties of higher hydrophobicity as compared
to the poly(2-oxazoline) main chain. Together with the
possible variation of the side group polarity, this allows a
broad modulation of the LCST of poly(2-oxazoline)s.
Keywords Poly (2-oxazoline) . Thermo sensitive polymer .
LCST . End group

Introduction
The temperature-dependent solubility of aqueous solutions
of hydrophilic polymers is well known. Upon heating and
crossing a lower critical solution temperature (LCST), the
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polymers precipitate at the so-called cloud point (CP) [1, 2].
The specific LCST of a respective polymer is a function of,
e.g. the concentration of the polymer solution, additives
such as salts, soaps, cosolvents etc. as well as the polymer
molar mass, architecture, and composition, i.e. pendant or
end group modification [3–8]. Since the LCST is an
entropic phenomenon, the influence of the polymer terminal groups is expected to be significant. In the past, various
poly(acrylamide)s were investigated in this respect, especially the most prominent poly(N-isopropyl acrylamide)
(PNIPAAm) since its cloud point is located around the
human body temperature. Thus, the thermo responsiveness
of PNIPAAm is frequently discussed in the context of
‘smart materials’ for biomedical applications or nanotechnology [1, 2, 9–13]. Especially for these applications, welldefined polymers are needed as well as a precise adjustment
of the LCST to a specific temperature. Both go hand in
hand since the polymer architecture and composition
strongly influences the cloud point. For PNIPAAm, the
LCST tuning by the parameters mentioned above were
subject of a controversial discussion until Stöver et al. [7, 8]
developed the atom transfer radical polymerization of
NIPAAm for the synthesis of defined polymers of the
necessary narrow molar mass distribution and end group
definition to allow a direct structure–property correlation.
For several reasons, another polymer class, the poly(2oxazoline)s (POx), came recently into the focus of related
research. POx with short alkyl side chains (methyl, ethyl,
propyl) are water soluble and/or display a CP for several
pendant side groups [3–6, 14, 15]. The polymer is nontoxic
[16–20] and, due to the numerous possibilities for terminal
[17, 21] and pendant group [22–33] functionalization, a
versatile system to develop polymer–drug conjugates for
biomedical applications [34].
POx is synthesized via living cationic ring-opening polymerization (LCROP) that allows for the synthesis of highly
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defined linear polymers with narrow
molar mass distribution

PDI ¼ M w=M n  1:01  1:3 [35], defined copolymerization of various 2-oxazolines [4, 22, 24–27, 31, 33, 36, 37] and
defined as well as quantitative introduction of end groups by
the initiation and termination reaction [17, 21, 38, 39]. This
was recently used to tune the LCST of various POx
copolymers in a broad range from 9 to 75 °C [4–6].
Analogous to PNIPAAm, where the copolymerization of
NIPAAm with more hydrophilic comonomers increases and
copolymerization with more hydrophobic monomers
deceases, the LCST of the resulting copolymer, i.e. poly(2n-propyl-2-oxazoline) with an LCST of 23 °C, can be shifted
to 75 °C by copolymerization with the more hydrophilic
2-ethyl-2-oxazoline [5]. The CP of poly(2-isopropyl-2-oxazoline) (PiPrOx) of 47 °C can be decreased to 9 °C when
copolymerized with 2-nonyl-2-oxazoline (NonOx) [4]. We
found that even slight changes in the average polymer
composition of POx significantly modulate the LCST, much
stronger as it was observed for poly(acryl amide)s. This might
be due to the fact that, in general, the molar mass range of
investigated POx is much smaller, and small changes of the
molecular composition and/or architecture become augmented. The recent study of Stöver et al. [7, 8] comparing low and
high molar mass PNIPAAm with different end groups
supports this assumption. While for short PNIPAAm
(Mn∼3,000 g/mol), different end groups resulted in a shift of
the CP of ∼8 °C, this effect diminished completely for
polymers with Mn >10.000 g/mol. It can be expected that also
for POx the impact of the end group polarity is significant.
However, until now only one study addressed the end group
functionalization of POx in the context of its LCST behavior.
Meyer et al. [40, 41] investigated the irreversible formation of
fibers from PiPrOx having ionic end groups or as a PiPrOxpoly(L-glutamate) block copolymer. To the best of our
knowledge, a dedicated study of the LCST of POx as a
function of the end group polarity was not performed till now.
In this paper, we describe the synthesis of PiPrOx equipped
with end groups of different polarity: from non-polar n-nonyl
chains to highly polar oligo(2-methyl-2-oxazoline) blocks.
Temperature-dependant turbidity measurements of the polymer aqueous solutions allowed a conclusive structure–
property relationship of the polarity of the polymer termini
upon the LCST of POx.
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Henkel KGaA, Düsseldorf, Germany as a gift. Solvents,
methyl triflate (MeOTf), nonylamine (NonNH2) and all
monomers used for the living cationic polymerization were
dried by refluxing over CaH2 for approximately 3 h and
subsequent distillation. The monomers were stored under a
dry nitrogen atmosphere and handled in a glove box. All
polymerizations were performed using a CEM Discover
microwave with a maximum power setting to 150 W. The
microwave was set to reaction temperature of 130 °C that
was continuously monitored by an internal infra-red detector.
1
H- and 13C nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker ARX 300 (1H, 300.13 MHz and
13
C, 75.48 MHz) with tetramethylsilane as internal standard
at T=293 K in CDCl3.
Gel permeation chromatography (GPC) was performed on
a Waters system (pump model 510, RI-detector model 410)
with columns Resi Pore Guard (50×7.5 mm) and 2x Resi Pore
(300×7.5 mm) as the stationary and dimethylacetamide
(DMAc) as the mobile phase. The calculation of the molar
mass and number average (Mw, Mn) was performed using a
calibration with poly(styrene) standards. The mass spectrometry measurements were performed using a MAT 8200
Finnagan (EI, 70 eV) ion impact mass spectrometer as well
as a Bruker-Daltonic, Ultraflex matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)/TOF with
dithranol (1,8,9-trihydroxyanthracene) as the matrix. Elemental analysis was performed at the Microanalytical
Laboratory of the Inorganic Chemistry Institute of the TU
München using a ElementarVario EL instrument.
Turbidity measurements were carried out on a Cary 3 UVvis spectrophotometer from Varian. The cloud point was
determined by spectrophotometric detection of the changes in
transmittance at λ=500 nm of the aqueous polymer solutions
(2.0 wt%). The solution temperature was increased by a rate
of 1 K min−1 followed by a 15-min period of constant
temperature to ensure equilibration. Given values for the
cloud point were determined as the temperature
corresponding to a 10% decrease in optical transmittance.
Synthesis
Monomer synthesis

Experimental part

The 2-isopropyl-2-oxazoline monomer synthesis and characterization was performed as previously reported following
the account by Witte and Seeliger [4, 42].

Materials and methods

Initiators

All chemicals used for synthesis were purchased from
Aldrich (Munich, Germany) or Acros Organics (Geel,
Belgium) and were used without further purification unless
otherwise stated. n-Nonyl-2-oxazoline was received from

Nonyltriflate (NonOTf) In a Schlenk flask with 5 mL dry
chloroform, 2.4 g (5 eq. 17.33 mmol) of anhydrous K2CO3
and 0.5 g (3.47 mmol) nonanol, 1.27 g (1.3 eq., 4.5 mmol)
trifluoromethanesulfonic anhydride was added dropwise
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under a dry nitrogen atmosphere. After 3 h, the mixture was
filtered through a polytetrafluoroethylene filter (Chromafil,
0.20 μm, Machery Nagel), and the solvent was evaporated.
The nonyltriflate remained as colorless liquid (yield,
680 mg, 70%).
1
H-NMR (300 MHz, CDCl3): δ=4.53 (t, J=4.5 Hz, 2H),
δ=1.83 (q, J=1.82 Hz, 2H), δ=1.5-1.2 (m, br, 12H), δ=
0.88 (t, J=0.88 Hz, 3H).
13
C-NMR (75 MHz, CDCl3) δ=120.98, 78.03, 32.00,
29.49, 29.34, 29.06, 25.26, 22.84, 14.26.
Triethyleneglycolmonomethylethertosylate In a 100-mL
Schlenk tube, 1 g (6 mmol) triethyleneglycolmonomethylether was dissolved in 0.95 g (2 eq., 12 mmol) pyridine at
0 °C, 1.26 g (6.6 mmol) p-toluenesulfonyl chloride was
added, and the solution was allowed to equilibrate to room
temperature. After 3.5 h, the reaction was quenched by
addition of 10 mL toluene and 10 mL 10% HCl. The
organic phase was separated and washed with saturated
NaCl solution. The combined organic phases were dried
over MgSO 4, and the solvent was evaporated. The
triethyleneglycolmonomethylethertosylate (TEGTos)
remained as colorless liquid (yield, 1.45 g, 76%).
1
H-NMR (300 MHz, CDCl3): δ=7.78 (d, J=7.3 Hz, 2H),
δ=7.32 (d, J=7.3 Hz, 2H), δ=4.15 (t, J=4.1 Hz, 2 H),
δ=3.68 (t, J=3.7 Hz, 2H), δ=3.59 (m, 6H), δ=3.52 (m,
2H), δ=3.36 (s, 3H), δ=2.44 (s, 3H).
13
C-NMR (75 MHz, CDCl3): δ=144.7, 133.0, 129.8,
129.0, 71.9, 70.5, 70.5, 69.2, 68.7, 59.0, 21.6.
MS(70eV, EI): m/z 318 [M].
Termination agents
Triethyleneglycolmonomethylether amine The synthesis of
the triethyleneglycolmonomethylether amine (TEG-NH2)
was performed as described previously (yield, 54%) [43].
1
H-NMR (300 MHz, CDCl3): δ=3.66 (m, 6H), δ=3.563.50 (m, 4H), δ=3.39 (s, 3 H), δ=2.87 (t, J=2.9 Hz, 2H).
13
C-NMR (75 MHz, CDCl3): δ=73.5, 71.9, 70.6, 70.5,
70.2, 59.0, 41.8.
Elemental analysis:
C7H17NO3: calculated: C 51.51, H 10.50, N 8.58; found:
C 51.17, H 10.86, N 8.18.
Polymerization and termination reaction
All polymerization reactions were performed using a CEM
Discover microwave (temperature setting, 130 °C; maximum
power setting, 150 W; reaction time, 0.5 h). After full
monomer conversion, approximately 5 eq. (with respect to
the initial initiator amount) of the termination agent was
directly injected into the reaction vial at room temperature.
The termination reaction was allowed to complete overnight.
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The neutralization and workup procedures were carried out
following a general procedure described previously [17, 21,
27, 44]. At a constant initiator concentration, the theoretical
chain length, adjusted by the initial [M]0/[I]0 ratio, was set to
a total of 25 monomer units for all polymers except for
MeOx end-functionalized PiPrOx. The di- and triblock
copolymers were synthesized by sequential monomer addition, starting and ending with a MeOx3 block and MeOTf
and piperidine as the initator and termination agent,
respectively. As termination agent, piperidine was used
unless otherwise mentioned. Please refer to Table 1 for the
respective ratios and analytical values of the polymers.
Poly(2-isopropyl-2-oxazoline); PiPrOx 2 5 1 H-NMR
(300 MHz, CDCl3): δ=3.45 (s, br, 100 H, N–(CH2)2–N);
δ=2.90, 2.66 (s, br, 23 H, CO–CH–(CH3)2); δ=1.11 (s, br,
149 H, CH–(CH3)2).
PiPrOx25-piperazine 1H-NMR (300 MHz, CDCl3): δ=3.44
(s, br, 100 H, N–(CH2)2–N); δ=2.91, 2.64 (s, br, 32 H, CO–
CH–(CH3)2, HPip); δ=1.11 (s, br, 159 H, CH–(CH3)2).
Poly[(2-isopropyl-2-oxazoline)n-co-(2-n-nonyl-2-oxazoline)m]ran.; P(iPrOxnNonOxm) P(iPrOx24NonOx1) 1H-NMR
(300 MHz, CDCl3): δ=3.43 (s, br, 100 H, N–(CH2)2–N); δ=
2.88, 2.66 (s, br, 28 H, CO–CH–(CH3)2); δ=2.36 (s, br, 4 H,
CO–CH2–C8H17); δ=1.57 (s, br, 2 H, CH2–CH2–C7H15); δ=
1.23 (s, br, 12 H, CH2–(CH2)6–CH3); δ=1.10 (s, br, 146 H,
CH–(CH3)2; δ=0.85 (t, br, 4 H, C8H16–CH3).
P(iPrOx23NonOx2) 1H-NMR (300 MHz, CDCl3): δ=3.44
(s, br, 100 H, N–(CH2)2–N); δ=2.88, 2.64 (s, br, 29 H, CO–
CH–(CH3)2); δ=2.39 (s, br, 7 H, CO–CH2–C8H17); δ=1.56
(s, br, 4 H, CH2–CH2–C7H15); δ=1.24 (s, br, 21 H, CH2–
(CH2)6–CH3); δ=1.10 (s, br, 143 H, CH–(CH3)2; δ=0.85 (t,
br, 6 H, C8H16–CH3).
Non-PiPrOx25 1H-NMR (300 MHz, CDCl3): δ=3.43 (s, br,
96 H, N–(CH2)2–N); δ=2.88–2.62 (m, br, 25 H, CO–CH–
(CH3)2), C8H17–CH2–NH; δ=1.53–1.24 (m, br, 15 H,
CH3–(CH2)7–CH2); δ=1.08 (s, br, 144 H, CH–(CH3)2;
δ=0.85 (t, br, 3 H, C8H16–CH3).
Non-PiPrOx25-Non 1H-NMR (300 MHz, CDCl3): δ=3.43
(s, br, 104 H, N–(CH2)2–N); δ=2.88–2.65 (m, br, 31 H,
CO–CH–(CH3)2), C8H17–CH2–NH; δ=1.63–1.24 (m, br,
27 H, CH3–(CH2)7–CH2); δ=1.08 (s, br, 163 H, CH–
(CH3)2; δ=0.85 (t, br, 6 H, C8H16–CH3).
TEG-PiPrOx25 1H-NMR (300 MHz, CDCl3): δ =3.61,
3.44, 3.36 (m, br, 113 H, C6H13O3–CH2–N, N–(CH2)2–
N); δ=2.88–2.65 (m, br, 26 H, C6H13O3–CH2–N, CO–CH–
(CH3)2); δ=1.09 (s, br, 153 H, CH–(CH3)2).
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Table 1 Compositions of all PiPrOx with hydrophobic and hydrophilic termini

R1

R2 (ratio)

R3

Polymer
MeOx3-PiPrOx25-

(CH3)2CH-

MeOx3

(CH3)2CH-

MeOx3-PiPrOx25

CH3-

(CH3)2CH-

PiPrOx25-piperazine

CH3-

(CH3)2CH-

PiPrOx25

CH3-(O(CH2)2)3-

(CH3)2CH-

TEG-PiPrOx25

CH3-(O(CH2)2)3-

(CH3)2CH-

CH3-(CH2)8-

(CH3)2CH-

CH3-(CH2)8-

(CH3)2CH-

CH3-

(CH3)2CH-/ CH3-(CH2)8- (24/1)

P(iPrOx24NonOx1)

CH3-

(CH3)2CH-/ CH3-(CH2)8- (23/2)

P(iPrOx23NonOx2)

TEG-PiPrOx25-TEG 1H-NMR (300 MHz, CDCl3): δ=3.61,
3.44, 3.36 (m, br, 126 H, C6H13O3–CH2–N, N–(CH2)2–N);
δ=2.84–2.64 (m, br, 28 H, C6H13O3–CH2–N, CO–CH–
(CH3)2); δ=1.09 (s, br, 147 H, CH–(CH3)2).
MeOx3-PiPrOx25 1H-NMR (300 MHz, CDCl3): δ=3.44 (s,
br, 112 H, N–(CH2)2–N); δ=2.89, 2.66 (s, br, 26 H, CO–
CH–(CH3)2); δ=2.13 (m, br, 9 H –CH–CH3); δ=1.09 (s, br,
159 H, CH–(CH3)2).
MeOx3-PiPrOx25-MeOx3 1H-NMR (300 MHz, CDCl3): δ=
3.44 (s, br, 124 H, N–(CH2)2–N); δ=2.89, 2.66 (s, br, 23 H,
CO–CH–(CH3)2); δ=2.10 (m, br, 20 H –CH–CH3); δ=1.09
(s, br, 161 H, CH–(CH3)2).

Results and discussion
Synthesis of PiPrOxn with end groups of different polarity
The defined and quantitative introduction of terminal
groups into POx is possible by the initiator and/or the

CH3-(O(CH2)2)3-NH-

TEG-PiPrOx25-TEG
Non-PiPrOx25

CH3-(CH2)8-NH-

Non-PiPrOx25-Non

termination reaction of the LCROP as developed by
Kobayashi et al. [45, 46, 47]. Besides the standard
initiators, multifunctional initiators can also be used to
synthesize POx of e.g. star-like architecture [48, 49]. For
termination of the LCROP of 2-oxazolines, various nucleophilic reagents can be used such as water, alcohols or
amines. Especially, cyclic amines are most suitable to
ensure a quantitative termination reaction [17, 50, 51].
Alternatively, copolymerization to ABA block copolymers also results in bolaamphiphilic polymer structures.
Figure 1 outlines the synthetic scheme of amphiphilic poly
(2-isopropyl-2-oxazoline) bearing methyl-, nonyl- and
triethylenglycol terminal groups as well as PiPrOx with
one or two oligo(2-methyl-2-oxazoline) (MeOx3) sequences
as hydrophilic tails. The compositions of all synthesized
polymers are summarized in Table 1.
The synthesis and analysis of PiPrOx25 homopolymer as
well as the copolymers P(iPrOx24NonOx1) and P(iPrOx23
NonOx2) with methyl on one and piperidine [4] or
piperazine [17, 51] end groups on the other side is
described elsewhere. The introduction of the n-nonyl
groups via an n-nonyltriflate initator and by the termination
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Fig. 1 General scheme of the microwave-assisted synthesis of poly(2-isopropyl-2-oxazoline) (P(iPrOx)) bearing methyl-, nonyl- and
triethylenglycol terminal groups as well as P(iPrOx) with one or two oligo(2-methyl-2-oxazoline) (MeOx3) sequences

method using n-nonylamine was straightforward. 1H-NMR
spectroscopy of the resulting mono- and difunctionalized
PiPrOx (Non-PiPrOx25, Non-PiPrOx25-Non) confirmed the
expected polymer composition with a quantitative end
group functionalization. End-group analysis using the 1HNMR data gave, for both polymers, a good agreement
between the theoretical ([M]0/[I]0) and experimental average degree of polymerization (DP) with a deviation of less
than one monomer unit. Exemplarily, Fig. 2 shows the 1HNMR spectrum of Non-PiPrOx25-Non.
Gel permeation chromatography revealed a narrow and
monomodal molar mass distribution with a polydispersity
index (PDI = Mw/Mn) of 1.04 in both cases. Additionally,
characterization by MALDI-TOF/TOF mass spectrometry of
e.g. Non-PiPrOx25 gave a monomodal distribution of mass
Fig. 2 1H-NMR spectrum of
Non-PiPrOx25-Non along with
the peak assignments and
integral signal values. For the
determination of the average
degree of polymerization, end
group analysis of the integral
intensity ratio of the CH3signals (6, 6 H) of the terminal
alkyl chains against the integral
intensity of the –CH2– backbone
signals (1, n4H) or the signals of
the two CH3– pendant groups
(5, n6 H) was used

signal with a Δ(m/z)=113.16 (M[monomer]=113.16 g/mol)
with a maximum signal, Mp, at m/z=3,041.08 (calculated for
[Polymer/H+] and n=25: m=3,041.33 g/mol) and a PDI=
Mw/Mn =3,072.89/2,979.78=1.03 (data not shown). A mass
spectrometry analysis of Non-PiPrOx25-Non was not possible due to insufficient signal intensity. Presumably, the
desorption and/or ionization process is impaired by the
formation of aggregates of the analyte within the matrix.
The introduction of triethylenegycol monomethyl ether
units (TEG) as more hydrophilic terminal moieties was
initially attempted analog to the n-nonyl groups. However,
the synthesis of a TEG triflate from the corresponding
alcohol resulted in a dark brown undefined product. Most
probably, the triflate functionalization of TEG caused
elimination, formation of a terminal vinyl function and
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immediate polymerization or other side reactions, and no
TEG-OTf could be isolated in a pure form. Hence, the less
reactive tosylate compound, TEGTos, was synthesized as the
initiator for LCROP of iPrOx. The termination agent TEGNH2 was obtained by azidation and reduction from TEGTos.
Using TEGTos as the initiator, the PDI of both polymers,
TEG-PiPrOx25, TEG-PiPrOx25-TEG, is with 1.23 slightly
higher. However, the composition of both polymers is still
well-defined, and the experimental DP=24 is almost
identical to the [M]0/[I]0 =25. Exemplarily, the 1H-NMR
spectrum of TEG-PiPrOx25-TEG is displayed in Fig. 3.
Finally, PiPrOxn with hydrophilic oligo(2-methyl-2oxazoline) blocks (MeOx3) were synthesized via sequential
block copolymerization. The obtained di- and triblock
copolymer products had the expected composition and
reasonably low PDIs of 1.18 and 1.24, respectively. All
polymer analytical values are summarized in Table 2.
Temperature-dependent solubility—LCST behavior
The effect of end groups with different polarity dramatically influences the LCST behavior of thermo-sensitive

Fig. 3 1H-NMR spectrum of TEG-PiPrOx25-TEG along with the peak
assignments and integral signal values. Since no isolated end group
signals are available, the determination of the average degree of
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polymers as discussed for PNIPAAm [7, 10, 12, 13]. Okano
et al. [2] and Gil et al. [1] compared the LCST behavior for
both hydrophobic and hydrophilic end-modified PNIPAAm. It could be shown that there is a significant
difference of the temperature-dependant water solubility
between end-group and pendant-group-modified PNIPAAm. In general, hydrophobic groups, e.g. methacrylic
acid stearyl ester [2], phenyl 2-chloropropionamide [7] or
octadecyl derivates [13] at the end of the polymer have a
strong influence on the phase transition because this
entropic dominated effect appears to be initiated from the
ends of the polymer chains due to their high mobility and
unique solvation [1]. Moreover, the terminal groups are
able to form hydrophobic microdomains (micelles), which
then become separated from the solvated PNIPAAm chains.
Due to the formation of aggregates, the observed CP of the
modified polymer is again close to that of the homopolymer
[9, 10]. In contrast to end-group-modified PNIPAAm,
copolymers with randomly distributed hydrophobic pendant
groups form loose and undefined aggregates, and thus, the
LCST decreases systematically with the introduction of
more and/or larger hydrophobic side groups [2].

polymerization was calculated from the ratio of the sum of signal
integrals of 3 and 4 versus signals 5 or the sum of 1 and 2
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Table 2 Analytical values of the synthesized polymers featuring end groups of different polarity along with the cloud points of the aqueous
solutions (2 wt%)
Polymer

MeOx3-PiPrOx25-MeOx3
MeOx3-PiPrOx25
PiPrOx25-piperazine
PiPrOx25
TEG-PiPrOx25
TEG-PiPrOx25-TEG
Non-PiPrOx25
Non-PiPrOx25-Non
P(iPrOx24NonOx1)
P(iPrOx23NonOx2)

n
n/m theoretical

n/ma experimental

6/25
3/25
25
25
25
25
25
25
24/1
23/2

6.5/25
3/25
25
25
24
24
24
26
24/1.5
24/2

Yieldb (%)

Mn (g/mol)
theoretical

Mnc,d (g/mol)
experimental

PDIe

CPf (°C)

88
90
75b
80
93
88
83
84
85
93

3,438
3,183
2,930
2,928
3,060
3,138
3,040
3,098
3,012
3,096

3,200
2,800
2,900d
3,900
4,100
4,000
3,000d
3,200d
3,500
3,100

1.24
1.18
1.16
1.09
1.23
1.23
1.04
1.04
1.18
1.17

53
47
48
47
42
42
28
32
15
11

For comparison, copolymers with hydrophobic pendant groups are listed [4]
Determined by NMR analysis from the intensity ratio of the backbone proton signals to the CH3– side chain signals of the comonomer.
b
Yield after dialysis (molar mass cut-off, 1,000 g/mol)
c
Determined by GPC analysis
d
Calculated by end group analysis from the intensity ratio of the nonyl-CH3 end group or the piperazine protons to the backbone protons
e
Polydispersity index; PDI = Mw/Mn calculated from GPC traces
f
Determined by UV-vis spectroscopy at 10% decrease of optical transmittance of the polymer solution
a

Table 2 summarizes the cloud points for the aqueous
solutions (2 wt%) of the synthesized polymers featuring
nonyl end groups along with POx equipped with one or two
nonyl side chains [4]. In Fig. 4, the CP measurements for
hydrophobic modified POx are summarized.
Changing the terminal function from a methyl to a nonyl
moiety significantly downshifts the cloud point by 19 °C
from 47 °C for PiPrOx25 to 28 °C for Non-PiPrOx25.

Fig. 4 Measurement of the cloud points for aqueous solutions of
hydrophobic modified POx (2 wt%)

However, a side-chain-situated nonyl group decreases the
CP even more by 32 to 15 °C for P(iPrOx24NonOx1). This
LCST modulation is far more significant when compared to
low molar mass PNIPAAm systems as studied by Stöver et
al. [7] and Okano et al. [52], i.e. replacing a terminal
hydrophilic amine group by a n-nonyl moiety changes the
LCST of a linear PNIPAAm just by 2 °C and the introduction of a n-dodecyl chain by 8 °C [52]. Even the
slightly higher molar mass of the compared PNIPAAm
(MW =7,300) does not fully explain this difference.
Replacing the terminal piperidine group of Non-PiPrOx25
by a second nonyl end function (Non-PiPrOx25-Non) results
in a smaller decrease of the CP by 15 to 32 °C. As discussed
above for PNIPAAm, the introduction of terminal hydrophobic moieties often leads to aggregation into micelles, and
the observed CP decrease becomes less pronounced. In fact,
the aqueous solution of Non-PiPrOx25-Non appears slightly
turbid, indicating the formation of aggregates. The introduction of a second nonyl side group, however, decreases the CP
as expected by 36 to 11 °C. The aqueous solution appeared
clear. In this context, it is important to mention previous
results on amphiphilic block as well as random copolymers.
Also, in this case, P(NonOx-b-MeOx) block copolymers
formed defined micelles at a defined critical micelle
concentration of 10−5 mol/L, whereas random copolymers
formed larger and less-defined aggregates [53–56].
In a second set of POx polymers, different hydrophilic
end functions were introduced. Again, the LCST behavior
of the PiPrOx25 homopolymer with methyl and piperidine
end groups serves as the reference (Fig. 5). Exchange of the
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terminal piperidine with a piperazine moiety, thus introducing a polar secondary amine group function (PiPrOx25piperazine), increases the LCST noticeably by 1 °C. A
“PEGylation” of PiPrOx25 or, in other words, the introduction of one or two oligo(ethyleneglycol) blocks (TEGPiPrOx25, TEG-PiPrOx25-TEG), however, decreases the
LCST significantly by 5 °C. Interestingly, with 42 °C, there
was no difference between the LCST of the single (TEGiPrOx25) and double (TEG-iPrOx25-TEG) modified polymer.
Apparently, the PEGylation modifies the temperaturedependant solubility of PiPrOxn similar to a hydrophobic
moiety—approximately what could be expected by the
introduction of, e.g. a single hydrophobic butyl group. In
previous studies, we investigated poly(2-oxazoline) lipopolymers equipped with mono- (MEG) and triethyleneglygol
(TEG) pendant groups [44]. Also there, the modification of
the hydrophilic POx backbone with MEG or TEG resulted in
an amphiphilic character of the polymer segment. This was
noticeable by the appearance of an extended plateau in the
pressure-area isotherms that was attributed to a reversible
adsorption of the MEG- or TEG-modified POx at the air–
water interface. This behavior was also found for PEG-based
lipopolymers. Thus, it is noteworthy that PEG cannot be
regarded as a simple water-soluble polymer but has a
noticeable amphiphilic character. Apparently, POx with short
alkyl chains (methyl, ethyl and isopropyl) has a higher
hydrophilic character than PEG. This is corroborated by the
temperature-dependant solubility experiments with POx with
one and two oligomeric MeOx3 tails. While with one
terminal MeOx3 segment, no noticeable influence upon the
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Fig. 6 Chemical and amphiphilic structure of the structural isomers
poly(2-alkyl-2-oxazoline)s (POx) and poly(N-alkyl acrylamide)s
(PAAm)

LCST of PiPrOx25 could be observed, the CP for the
bolaamphiphilic MeOx3-PiPrOx25-MeOx3 was found to be
6 °C higher.
After comparison of the influence of pendant and end
functionalization with groups of different polarity upon the
LCST behavior of POx and PNIPAAm, it can be stated that
the introduction of hydrophobic end groups has a stronger
influence for POx systems as compared to PNIPAAm.
However, introduction of non-polar side groups has an even
stronger influence on POx-based systems, while the effect
of terminal modification on PNIPAAm upon the LCST is
more significant than side group modification [1]. Although
PiPrOx and PNIPAAm are structural isomers (Fig. 6),
PNIPAAm monomer units have a pendant secondary amide
group, while the tertiary amide group in PiPrOx forms the
link between backbone and the side chain. Attachment of
larger hydrophobic pendant groups results in non-ionic
polysoap motifs as depicted in Fig. 6. While the polar
moiety in POx is part of the backbone, the ‘soap’ motif in
poly(acrylamide)s (PAAm) is attached to a hydrophobic
hydrocarbon backbone. Hence, the influence of hydrophobic moieties located in the side groups upon the temperature-dependant solubility in water is different for both
polymers.

Conclusions

Fig. 5 Measurement of the cloud points for aqueous solutions of
hydrophilic modified POx (2 wt%)

Poly(2-isopropyl-2-oxazoline) with end groups of different
polarity can be synthesized by quantitative initiation and/or
termination reaction or by sequential block copolymerization of 2-oxazolines. The lower critical solution temperature
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in water strongly depends on the polarity of the terminal
moiety. As expected, introduction of hydrophobic units
decreases the LCST while hydrophilic increases the phase
transition temperature. In comparison with poly(isopropyl
acrylamide), the influence of the chain end polarity upon
the cloud point is bigger, i.e. 19 °C between PiPrOx25 with
a n-nonyl chain instead of a methyl group. However, POx
pendant group modification results in an even stronger shift
of the LCST [4] due to the different location of the amide
groups in the POx and PAAm monomer units. Attachment
of oligo(ethyleneoxide) decreases the LCST of PiPrOx25
due to its amphiphilic character.
The stronger influence of the polarity of pendant as well
as end groups of POx upon the LCST in aqueous solutions
allows a tuning of the phase transition in a much broader
range as compared to the commonly used PNIPAAm.
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