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Abstract The temperature-induced phase transition of poly
(2-ethyl-2-oxazoline) (PEtOx) aqueous solution under mix-
ing with a series of small carboxylic acids has been studied
by turbidity measurements and laser light scattering. It has
been found that cloud point temperature (Tcp) of the PEtOx
was changed to varying degrees depending upon the pH,
ionic strength, molar ratio of acids to 2-ethyl-2-oxazoline
unit, and carbon chain length of small carboxylic acids.
Significant change in Tcp was observed in the case of hex-
anoic acid. At acidic pH, an increase in the molar ratio of
hexanoic acid to the 2-ethyl-2-oxazoline unit gradually de-
creased the phase transition temperature of the polymer as
compared to the Tcp of pure PEtOx. At original pH 6 (pH>
pKa), Tcp shifts to higher value than that of pure PEtOx for
lower molar ratios and decreased later on with increasing the
molar ratio. The shift in the Tcp is described based on the
differences in the driving force of phase transition, including
hydrogen bonding between small carboxylic acids and
PEtOx polymer and hydrophobic interaction.
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Introduction

The thermally sensitive polymers undergo temperature-
induced phase transition in aqueous solution at their cloud point
temperature (Tcp). These thermally sensitive polymers are cur-
rently receiving greater attention in view of their variety of
applications in drug delivery [1–3], bioengineering [4], and
separation science [5]. Poly(2-oxazoline)s (POZ) are one of
the widely studied class of thermally sensitive polymers be-
cause their properties can be tuned easily by variation of the
two substituents of the 2-oxazoline monomer [6]. Many of the
POZ are known to exhibit a phase transition behavior [7–9].
They exhibit a reversible, concentration-dependent phase sep-
aration with the absence of hysteresis [10]. Among various
POZ, poly(2-ethyl-2-oxazoline) (PEtOx) has potential proper-
ties as a new functional material [11–16]. It is an amorphous,
nonionic, thermally stable, and nontoxic tertiary polyamide that
is soluble in water and exhibits a Tcp in the range of 61–64 °C
depending on its concentration and molecular weight [17, 18].
Recently, Hoogenboom et al. showed that the effect of Hof-
meister salts on the cloud point of three poly(2-oxazoline)s
strongly depends on their hydrophilicity. Poly(2-ethyl-2-oxa-
zoline) being more hydrophilic than poly(2-isopropyl-2-oxa-
zoline) and poly(2-n-propyl-2-oxazoline) showed more
distinctive change in the cloud point temperature by the addi-
tion of salts [19].

Interpolymer noncovalent complexation could adjust the
hydrophilic–hydrophobic balance in the thermally respon-
sive polymeric systems [20]. Many thermally sensitive pol-
ymers could form stable hydrogen-bonded complexes with
poly(carboxylic acids) [21–24]. PEtOx also contains specif-
ic sites that can potentially form hydrogen bonds with
carboxylic acids. The carbonyl oxygen and the nitrogen
are two possible binding sites in an oxazoline repeat unit,
but preferably carbonyl oxygen is the main site for hydrogen
bonding with carboxylic group [25]. Interpolymer hydrogen
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bonding of PEtOx and poly(carboxylic acids) has already
been reported in an acidic aqueous media [26, 27]. The
complexation behavior of polymeric micelles from poly(2-
ethyl-2-oxazoline)-b-poly(ε-caprolactone) block copolymer
with poly(carboxylic acids) as well as with multifunctional
carboxylic acids like malonic acid, tricarballylic acid, and
1,2,3,4-butanetetracarboxylic acid in aqueous solutions has
also been investigated by dynamic light scattering and TEM
[28]. Although a significant amount of work has been done
on the interaction of PEtOx and poly(carboxylic acids),
much less is known about the interaction of PEtOx with
monocarboxylic acids. In the present work, we have inves-
tigated the carbon chain length dependence of Tcp of com-
plexes of monocarboxylic acids with linear PEtOx as a
function of pH, ionic strength, and molar ratio of acids to
2-ethyl-2-oxazoline repeat unit and our objective is to un-
derstand the effect of hydrogen bonding and hydrophobic
interaction on the Tcp of PEtOx. We have found that the Tcp
of complexes changes to varying degrees depending on the
alkyl chain length, molar ratios of acids to 2-ethyl-2-oxazo-
line repeat unit, pH, and ionic strength of the system. On the
basis of previous studies done by other researchers in the
past with poly(carboxylic acids) and PEtOx complexes
[25–28], special attention should be paid during the use of
PEtOx for biomedical applications in an environment con-
taining carboxylic acids because of their effect on the Tcp of
the polymers.

Experimental section

Materials Poly(2-ethyl-2-oxazoline) linear chains with a
weight-average molar mass of 500,000 g/mol was pur-
chased from the Sigma-Aldrich Company, Inc. and used as
received as a starting material for fractionation. PEtOx was
fractionated by the dissolution/precipitation process in a
mixture of dry THF and dry n-hexane. All carboxylic acids
were purchased from Aladdin Reagents and used as re-
ceived. Buffer solutions were prepared as follows:
KH2PO4–85 % H3PO4 for pH 3.8 and KH2PO4–Na2H-
PO4·12H2O for pH 6 were used to investigate the effect of
buffer ionic strength on phase transition of PEtOx. The
concentrations of the reagents were chosen to achieve a
value of the ionic strength equal to 0.1 or 0.2 M. For
instance, the buffer solution of pH03.8 and ionic strength
0.1 M was obtained by dissolving 1.36 g of KH2PO4 and
10 μL of 85 % H3PO4 in Millipore water and subsequent
dilution with water to 100 mL.

Turbidity measurements Turbidity measurements were used
to evaluate the influence of the different molar ratios of
small carboxylic acids to 2-ethyl-2-oxazoline repeat unit
and solution ionic strength on the Tcp of PEtOx. PEtOx

aqueous buffered solutions with concentrations of 1 mg/
mL were mixed with all carboxylic acids by varying the
molar concentration ratio of the COOH group of each car-
boxylic acid to 2-ethyl-2-oxazoline repeat unit. Mixtures
were kept on a shaker and allowed to stand 1 day before
the turbidity measurements. In our study, turbidity was
measured using a UV–Vis spectrophotometer (UNICO
UV/VIS 2802PCS) at a wavelength of 500 nm without
stirring. The temperature of the solution was controlled by
a circulation water bath (Model THD-1006, Ningbo Tian-
heng Instrument Factory) and was measured using an elec-
tric thermometer with a precision of ±0.1 °C. Each sample
was allowed to equilibrate for 5 min at each temperature
point. Tcp was defined as the temperature corresponding to
50% of transmittance. The error of the Tcp was within ±0.1 °C.

Laser light scattering A commercial laser light scattering
(LLS) spectrometer (ALV/DLS/SLS-5022 F) equipped with
a multi-τ digital time correlator (ALV5000) and a cylindrical
22-mW UNIPHASE He–Ne laser (λ00632.8 nm) as the
light source was used. A combination of static and dynamic
light scattering modes has been used. In static LLS [29, 30],
the angular dependence of the absolute excess time-average
scattering intensity, known as the Rayleigh ratio Rvv(q), can
lead to the weight-average molar mass (Mw), the root-mean-
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with C, dn/dC, NA, and λ0 being concentration of the poly-
mer solution, the specific refractive index increment, the
Avogadro’s number, and the wavelength of light in a vacu-
um, respectively. The refractive index increment [dn/dC0
(0.161±0.001) mLg−1] of PEtOx in aqueous solution was
determined with a precise differential refractometer [31] at
20 °C and 633 nm, which is the same as the value reported
by Bijsterbosch et al. [32]. The extrapolation of Rvv(q) to
q→0 and C→0 leads to Mw. The plot of [KC/Rvv(q)]C→0 vs

q2 and [KC/Rvv(q)]q→0 vs C leads to R2
g

D E
z
and A2, respec-

tively. In dynamic light scattering [33], the Laplace inver-
sion of a measured intensity–intensity time correlation
function G(2)(t,q) in the self-beating mode can result in a
line-width distribution G(Γ). For a pure diffusive relaxation,
Γ is related to the translational diffusion coefficient D by Γ/
q20D at q→ 0 andC→ 0, or a hydrodynamic radiusRh0kBT/
(6πηD) with kB, T, and η being the Boltzmann constant,
absolute temperature, and solvent viscosity, respectively. The
PEtOx aqueous solutions at a concentration of 1 mg/mL were
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clarified with 0.45-μm Millipore filters to remove the dust.
The polydispersity index (Mw/Mn) was estimated from the
relative width μ2/<Γ>

2 of the line-width distribution measured
in dynamic LLS by using Mw/Mn~1+4μ2/<Γ>

2 [30].

Size-exclusion chromatography The relative weight-
average molar mass (Mw) and polydispersity index (Mw/
Mn) were also determined by size-exclusion chromatogra-
phy (SEC, Waters 1515) using a series of three Waters
Styragel columns HR2, HR4, and HR6. A refractive index
detector (Wyatt WREX-02) was used. The eluent was THF
at a flow rate of 1.0 mLmin−1, and narrowly distributed
polystyrene was used as standards.

Results and discussion

It is well known that the Tcp of the PEtOx depends on the
molecular weight [10, 34, 35]. In general, its cloud point
decreases with an increase in molecular weight in the range
of 20–500 kDa [16] and exhibits no Tcp below 10 kDa at
0.5 wt% [36]. Therefore, in order to get a narrow distributed
sample of PEtOx with fairly high molecular weight, the
fractionation method has been used [37]. Figure 1 shows a
typical Zimm plot for the fraction of poly(2-ethyl-2-oxazo-
line) used for our experiments obtained from static light
scattering experiment. The weight average molar mass
(Mw) was 8.7×10

5gmol−1 and radius of gyration (Rg) was
34 nm. Hydrodynamic radius distribution calculated from
the dynamic light scattering experiment has been shown in
Fig. 2. The distribution curve shows that the polymer is
narrowly distributed with a polydispersity index (PDI) of
1.3 which is consistent with the value obtained from SEC
(PDISEC01.23). However, the Mw value obtained from SEC
is 5.5×105gmol−1, which is smaller than the value deter-
mined from light scattering experiment due to the fact that
sample and the polystyrene standard are different polymers.
The second virial coefficient value (A2) obtained from Zimm
plot is 3.2×10−7moldm3 g−2. As A2 is greater than zero, it is

indicative of good interaction strength between water and
PEtOx [38]. Because the pKa values of acetic, propanoic,
butyric, pentanoic, hexanoic, and heptanoic acids range from
4.76 to 4.89 [39, 40], we have optimized two original pH
values, pH 3.8 (pH<pKa) and pH 6 (pH>pKa) to investigate
the Tcp behavior of PEtOx and small acids complexes in
aqueous solution as a function of various selected parameters.

Poly(2-ethyl-2-oxazoline) and carboxylic acids can form
complexes by means of intermolecular hydrogen bonding
between carboxylic and amide groups [16, 25–28], so it is
expected that the Tcp of the solution will be changed with the
addition of the monocarboxylic acids. Figure 3 illustrates
the effect of chain length on the phase transition behavior
for 1:1 complexes of PEtOx with acetic, propanoic, butyric,
pentanoic, hexanoic, and heptanoic acids, respectively, at
pH 3.8 and ionic strength of 0.1 M. At acidic pH (pH<pKa),
the hydrogen ion concentration in the solution is quite high,
which effectively suppresses the ionization of carboxylic
acid groups, and the carboxylate groups are in the molecular
state (COOH). This would enhance the chances of hydrogen
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Fig. 1 Typical Zimm plot of poly(2-ethyl-2-oxazoline) in aqueous
solution at 25 °C, where C ranges from 0.1 to 0.4 mg/mL
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Fig. 2 Hydrodynamic radius distribution of poly(2-ethyl-2-oxazoline)
in aqueous solution, where C00.1 mg/mL

45 48 51 54 57
0

50

100

Temperature / oC

T
ra

ns
m

itt
an

ce
 %

  heptanoic acid
  hexanoic acid
  pentanoic acid
  butyric acid

  polymer alone
  acetic acid
  propanoic acid

pH = 3.8

C = 1 mg/mL

Fig. 3 Temperature dependence of transmittance at 500 nm obtained
for 1.0 mg/mL of poly(2-ethyl-oxazoline) in buffer solution with low
molecular weight monocarboxylic acids, where the original pH03.8,
the ionic strength of buffer solution I00.1 M, and the molar ratio of
acid to 2-ethyl-oxazoline repeat unit was 1
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bond formation between the polymer and acids in the solu-
tion [41]. Besides, there may be specific hydrophobic hy-
dration of the ethyl side chains by the hydrophobic tails of
the small acids, as mentioned by Hoogenboom et al. [9, 42].

In the case of acetic, propanoic, and butyric acids, the Tcp
first increases as compared to pure PEtOx. One of the
reasons for this increase can be ascribed to the increase of
hydrophilicity and enhanced solubility introduced by these
acids. Usually, the Tcp of a polymer can be increased when a
hydrophilic comonomer is incorporated into a given homo-
polymer chain and lowered by a hydrophobic monomer
[43–49]. For example, some studies revealed that copoly-
merization of poly(N-isopropylacrylamide) with more hy-
drophilic acrylamide and acrylic acid monomers leads to the
enhancement of Tcp [50, 51], while Tcp decreases for more
hydrophobic monomer such as n-butyl acrylamide [51].
Also, note that for poly(2-alkyl-2-oxazoline) homopolymers,
only few polymers, such as poly(2-methyl-2-oxazolines), poly
(2-ethyl-2-oxazoline), poly(2-n-propyl-2-oxazoline), and poly
(2-isopropyl-2-oxazolines), are soluble in water at room tem-
perature. By varying the composition of random copolymers
of 2-ethyl-2-oxazoline and 2-n-propyl-2-oxazoline, Hoogen-
boom et al. have reported that the Tcp of the copolymers can be
tuned easily from 24 to 97 °C [10]. Secondly, some steric
hindrance caused by methyl, ethyl, and propyl groups of small
acids may shift the Tcp to higher temperature after complexa-
tion. This explanation is in accordance with the results
reported by Zhang and coworkers where they found that
poly(N-isopropylmethacrylamide) which has one more meth-
yl group than poly(N-isopropylacrylamide) (PNIPAM) at each
repeating unit has a higher Tcp (~45 °C) as compared to
PNIPAM (Tcp ~32 °C) [52]. For higher chain length acids like
pentanoic, hexanoic, and heptanoic acids, the formation of
hydrogen bond between the COOH group of monocarboxylic
acids and carbonyl oxygen of PEtOx as well as hydrophobic
interactions may limit the accessibility of water to the polymer
chains resulting in an increase in the hydrophobicity of the
PEtOx linear chains and Tcp decreases. Besides the solubili-
zation behavior of poly(oxazoline)s, the effect of the length of
n-alkyl side chains on the thermal properties has also been
narrated and summarized by Hoogenboom [53, 54]. A sharp
decrease in glass transition temperature of series of poly(2-(n-
alkyl)-2-oxazoline)s with an increase in the number of carbon
atoms in side chain has been reported [53]. Moreover, higher
surface energies (~45 mN m−1) were observed for polymers
with methyl to propyl side chains and low surface energies
(~22 mN m−1) for longer (propyl to pentyl) side chains [53].

Figure 4 summarizes the effect of different molar ratios of
monocarboxylic acids to 2-ethyl-2-oxazoline repeat unit on
Tcp of the complexes at pH 3.8 and 0.1 M ionic strength.
Due to the lower solubility of heptanoic acid in water at 20 °C
(0.244 g/100 g water) [55], the effect of molar ratio of hepta-
noic acid to 2-ethyl-2-oxazoline has not been investigated. In

the case of acetic and propanoic acid, Tcp is first increased as
compared to the pure PEtOx till the molar ratio of acid to 2-
ethyl-2-oxazoline repeat unit is 2 and then decreases later on.
Similar explanation could be assigned for increased Tcp as
discussed before. The increasing molar ratio effect on Tcp is
more pronounced in the case of pentanoic and hexanoic acids.
Apparently, an increasing amount of carboxylic acid moieties
in the solution at acidic pH led to an increase in the number of
hydrogen bonds between acids and PEtOx polymer. The Tcp
decreases with the increasing molar ratio of the acids due to
the stronger hydrophobic interactions. We also have used LLS
to verify the phase transition behavior of PEtOx aqueous
solution. Figure 5 shows the temperature dependence of the
scattered light intensity of PEtOx solutions with and without
the addition of hexanoic acid. As expected, at lower temper-
atures, scattered light intensity is nearly a constant, indicating
the existence of individual PEtOx polymer chains with only
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Fig. 4 Dependence of molar ratios of acids to 2-ethyl-2-oxazoline
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tion of polymer was 1 mg/mL, the original pH03.8, and the ionic
strength of buffer solution I00.1 M
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Fig. 5 Temperature dependence of the scattered light intensity of poly
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shows the hydrodynamic radius distribution f(Rh) of PEtOx solution
without the addition of hexanoic acid at different temperatures

922 Colloid Polym Sci (2013) 291:919–925

Author's personal copy



one narrowly distributed peak located at 24 nm. The increase
in the scattered light intensity in the higher temperature range
reflects the aggregation of the PEtOx.When the temperature is
51.3 °C, the position of the peak at 24-nm shifts to the
direction of smaller Rh (~19 nm), indicating the collapse of a
single PEtOx polymer. A new peak located at 106 nm
appeared due to the formation of aggregates of the PEtOx
polymer chains. With the further increase of the temperature,
the<Rh>of the aggregates becomes larger ~211 nm. The peak
located at 19 nm disappears because all the individual PEtOx
polymer form aggregates. The arrow in Fig. 5 shows how the
Tcp is defined in the LLS experiments. It is clear that Tcp
decreases with the addition of hexanoic acid. The values
determined from LLS experiments without and with the addi-
tion of hexanoic acid are 51.3 and 48.4 °C, which are a little
smaller than that from turbidity measurements as the LLS is a
more sensitive technique.

The effect of ionic strength on the Tcp of pure PEtOx and
complexes with different molar ratios of acids at pH 3.8 has
been shown in Fig. 6. As compared to Fig. 4, when the ionic
strength is increased from 0.1 to 0.2 M, the Tcp of pure
PEtOx taken as a reference point decreases from 51.5 to
44.9 °C. In high ionic strength, the solvent quality with
respect to the polymer may weaken, leading to the strength-
ening of segment–segment interaction of polymer chains as
well as the association of the PEtOx with carboxylic acids
especially for hexanoic acid [56]. Similarly, Staikos et al.
[57] and Moharram et al. [58] found that an increase in the
ionic strength of solution has a favorable effect upon poly
(acrylic acid)–poly(acrylamide) interpolymer association.

Furthermore, we have also investigated the effect of
original pH above the pKa value of acids. When the pH>
pKa, the number of hydrogen bonds between acid and poly-
mer becomes relatively small since the carboxylic groups
are converted into carboxylate groups due to partial ioniza-
tion. Only protonated carboxylic groups can form hydrogen
bonds with proton-accepting moieties in the polymer chain

[24]. It can be observed in Fig. 7 that when the original pH
of the buffer solution was 6, the Tcp of the polymer without
acids has been decreased from 51.5 to 50.9 °C. However, for
acetic, propanoic, and butyric acids, Tcp has shifted to a
higher value as compared to the reference point for all the
molar ratios. It is anticipated that the Tcp increase for these
acids may be due to the decrease in the ionic strength of the
buffer solution with the addition of the acids. For hexanoic
acid, after the molar ratio 2, there is a sharp decrease in Tcp
with an increase in the molar ratio of acid to 2-ethyl-2-
oxazoline repeat unit. The Tcp decrease for hexanoic acid
at a higher molar ratio is due to the predominance of the
hydrophobic attractive interactions as the pH value of the
solution was decreased below the pKa value of the acids
when the molar ratio was larger than 2. At original pH 6, the
effect of molar ratios of acids on Tcp of complexes when the
ionic strength was 0.2 M has been shown in Fig. 8. Com-
paring with Fig. 7, the Tcp of pure PEtOx is shifted down to
44.8 °C from 50.9 °C. For hexanoic acid, Tcp decreases
significantly later on for higher molar ratio also due to the
stronger hydrophobic interactions as the pH value of the
solution was decreased to around 4.8.
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Conclusion

In this study, the effect of the carbon chain length of mono-
carboxylic acids on the phase transition of PEtOx has been
investigated at different pH values, ionic strength, and molar
ratios of acids to 2-ethyl-2-oxazoline. At original pH03.8,
due to the formation of the hydrogen bond between small
carboxylic acids and PEtOx polymer, increasing the molar
ratios decreases the Tcp of the complex for pentanoic acid
and hexanoic acid. For acetic acid, propanoic acid, and
butyric acid, the Tcp increases at lower molar ratio possibly
due to the steric hindrance and/or the increase in the hydro-
philicity of the polymer. At original pH06.0 and I00.1 M,
for acetic acid, propanoic acid, and butyric acid, the Tcp of
PEtOx increases with the molar ratio and then levels off due
to a decrease in the ionic strength of the solution with the
addition of the acids; while for pentanoic acid and hexanoic
acid, the Tcp decreases when molar ratio is larger than 2 due
to the hydrophobic interaction because the acids form hy-
drogen bonds with the PEtOx as the pH value is decreased
below the pKa value. The shift in the Tcp is described based
on the differences in the driving force of phase transition,
including hydrogen bonding between small carboxylic acids
and PEtOx polymer and hydrophobic interaction.
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