
1. Introduction
In recent years, the responsive polymers have
attracted considerable interest for their chemical or
physical property changes in response to the exter-
nal stimuli such as temperature, pH, specific ions,
and electric field [1]. As the important responsive
polymers, the temperature or pH-responsive poly-
mers are widely applied in many fields including
drug-delivery system [2], chemical separation [3],
and gene carriers [4].
The thermo-sensitive polymers reversibly become
a uniform sphere from a random coil chain in the
solution at a certain temperature, namely, the lower
critical solution temperature (LCST) [5]. These
phenomena can also be observed when other exter-
nal parameters are changed such as pH value [6],
electric field [7], and ionic strength [8]. Normally,

the LCST value of polymer is greatly affected by
the balance of the hydrophilic and hydrophobic
groups in the polymer. In other words, the
hydrophilic and hydrophobic interactions between
the polymer chains play a significant role in deter-
mining their LCST value. The two interactions in
nature are related to the hydrophobic interaction
among polymers and to hydrophilic interaction
(hydrogen bonding) between hydrophilic groups of
polymer and water molecules. If the excessively
hydrophilic or hydrophobic groups are attached to
the polymer backbone, no thermo-sensitivities of
the polymers are observed under common condi-
tions. It has been reported that the change of
hydrophilic/hydrophobic groups on the macromol-
ecular chains leads to several thermo-sensitive
polymers with different LCST values. Such poly-
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mers include poly(N,N’-diethyl acrylamide) [1],
poly(N-isopropylacrylamide) [9], poly(2-isopropyl-
2-oxazoline) [10] , and poly(vinyl methyl ether)
[11] and so on. For example, Schild [12] reported
that the LCST of a thermo-responsive polymer con-
taining N-isopropylacrylamide was controlled by
the content of hydrophilic amide groups and
hydrophobic groups. In addition, in order to get
polymers with much better controlled temperature-
responsive properties, some copolymers were syn-
thesized by the introduction of other monomers or
natural polymers. The various copolymers were
prepared to meet the demands in many fields, such
as poly(N-isopropylacrylamide-co-acrylamide-co-
hydroxyethylmethacrylate) [13], poly(N,N-dimethyl-
acrylamide-b-N-isopropylacrylamide-b-N-acryloyl-
valine) [14], poly(N-isopropylacrylamide/carboxy-
methyl chitosan) [15], and poly(N-isopropylacry-
lamide-co-diethyleneglycol methacrylate) [16].
2-Hydroxypropyl acrylate (HPA) is extensively
applied in fibre, adhesives, rubber industry, paints
and coatings industry [17]. To the best of our
knowledge, the preparation of the copolymer
between HPA and AMHS as a temperature-respon-
sive material has not been reported in the literature.
By varying the monomer ratio in the copolymeriza-
tion of HPA and AMHS, the balance between
hydrophobicity and hydrophilicity on the copoly-
mer chain can be effectively controlled to some
extent. Accordingly, HPA/AMHS copolymer may
theoretically exhibit a reversible temperature-
responsive property. The incorporation of AMHS
into the macromolecular chain may produce a pH-
responsive copolymer, because AMHS is a kind of
weak-base/strong-acid salt. The copolymer also
responds to inorganic ion stimuli and shows a
phase transition.
The aim of this study was to prepare a novel
copolymer of HPA and AMHS and evaluate the
dual responsiveness (temperature and pH) in its
aqueous solution. The molecular structure of the
resulting copolymer and the monomer was charac-
terized by 1H NMR and FTIR measurements. By
varying the ratio of HPA to AMHS, the hydrophilic
and hydrophobic balance of the resulting copoly-
mer was adjusted effectively. When the molar ratio
of HPA to AMHS unit on polymer chain was fixed
at 1.56, 2.25, and 3.01, the LCSTs of copolymers in
the aqueous solution were found to be 36.5, 28.2
and 17.8°C, respectively. Furthermore, a series of

inorganic salts were selected to evaluate the salt
effect on LCST of the resulting copolymer.

2. Experimental section

2.1. Materials

2-aminoethanol, propylene oxide and benzoyl chlo-
ride were purchased from Dongfang health materi-
als factory (Tianjin, China) and Huadong Chemical
Factory (Tianjin, China), respectively. Acrylic acid
and methacrylic acid were purified by vacuum dis-
tillation. Potassium persulfate (KPS) was recrystal-
lized from deionized water before used. The other
solvents were analytical grade and used without
any further purification.

2.2. Measurements

Fourier-transform infrared spectra (FTIR) of the
monomer and the corresponding copolymers were
recorded on a Vector22 FT-IR spectrophotometer
with KBr pellet in the range of 400–4000 cm–1.
1H NMR spectra were measured with a Bruker
Avance-400 (400 MHz) using D2O as solvent and
TMS as internal standard. The thermo-sensitivities
of the copolymer in the solution were detected by
monitoring the optical transmittance at 500 nm on a
Shimadzu UV-120-02 spectrophotometer with a
thermally-controlled cuvette holder. The heating
rate was controlled at 0.5°C/min in our experiment.
The temperature at which the transmittance of the
copolymer solution decreased to half of the initial
value during heating was defined as LCST for the
copolymers in our study.

2.3. Synthesis of HPA and AMHS

2-aminoethanol hydrochloride was prepared via the
neutralization of 2-aminoethanol with the calcu-
lated amount of hydrochloride solution and com-
plete drying under vacuum at 70°C. Methacryloyl
chloride was synthesized by reacting methacrylic
acid with benzoyl chloride according to the litera-
ture [18]. The mixture of 2-aminoethanol hydro-
chloride and methacryloyl chloride with an excess
of 10% was heated up to 75°C and the temperature
was maintained for 2 h. Then, it was cooled and
dissolved in tetrahydrofuran. The solution of the
crude AMHS was poured into ethyl ether to remove
the un-reacted methacryloyl chloride. The pure
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AMHS, a white powder, was obtained after filtra-
tion with a yield of 81%.
FTIR [cm–1] for AMHS: 3381, 3044 (broad vN–H),
2974–2887 (strong vC–H), 1720 (strong vC=O), 1622
(weak v–C=C–), 1494 (median δN–H), 1064 (strong
vC–O–C).
0.28 mol propylene oxide, 0.2 mol acrylic acid, a
trace amount of CuCl as inhibitor and pyridine as
catalyst were added into the round flask with a con-
denser. The mixture was heated to 90°C and kept
for 4 h. Finally, the isomers (HPA) containing 2-
hydroxypropyl acrylate and 2-hydroxyisopropyl
acrylate were obtained after vacuum distillation
with a yield of 63%. From 1H NMR measurement,
HPA was composed of pure 2-hydroxypropyl acry-
late and 2-hydroxyisopropyl acrylate, and the molar
ratio of two isomers was about 1.7:1.
FTIR [cm–1] for HPA: 3420 (broad vO–H),
2977–2885 (strong vC–H), 1720 (strong vC=O), 1617
(weak v–C=C–), 1194 (strong vO–C=O), 1080 (strong
vC–O–C).

2.4. Synthesis of the copolymers from HPA
and AMHS

A series of the copolymers with various feed ratios
of HPA to AMHS were synthesized by the conven-
tional radical copolymerization using K2S2O8-
NaHSO3 as the redox initiator. In the polymeriza-
tion, the molar ratio of monomers to initiator was
fixed at 100:1 and the total monomer concentration
was 0.3 mol/l in the deionized water. The Schlenk

tube was added with the required amount of
K2S2O8-NaHSO3 initiator, HPA, AMHS and deion-
ized water. After degassing with dry nitrogen, the
reaction mixture was magnetically stirred for 10 h
at room temperature. Finally, the resulting mixture
was precipitated into cold sodium chloride solution
to remove the residual HPA, AMHS and un-reacted
initiator. After several washing with hot water, the
title copolymer was obtained via filtration and
dried under vacuum at 60°C for 48 h. When the
ratio of HPA to AMHS was fixed at 1, 2, 3 and 4 in
the copolymerization, the corresponding copoly-
mers were designated as PHA1, PHA2, PHA3, and
PHA4. From 1H NMR measurements, The molar
ratio of HPA to AMHS on polymer chain for
PHA1, PHA2, PHA3, and PHA4 were 0.75:1,
1.56:1, 2.25:1 and 3.01:1, respectively.

3. Results and discussion

3.1. Molecular design for the temperature-pH
sensitive polymers

The synthetic route for the copolymer studied in
this paper is shown in Figure 1. We firstly prepared
nonionic HPA and ionic AMHS monomer. The
temperature-pH responsive copolymer of two
monomers was obtained by solution polymeriza-
tion initiated with K2S2O8-NaHSO3. Herein, the
HPA monomer units on the copolymer chains serve
as the hydrophobic moieties and AMHS units func-
tion as the hydrophilic groups. The modulation of
hydrophobicity and hydrophilicity on the polymer
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Figure 1. Synthetic route for the temperature-pH sensitive polymer



chains was achieved via changing the ratio of HPA
to AMHS in the polymerization. It was found that
only the corresponding copolymers with given
monomer ratio did show a reversible thermo-sensi-
tiveness. In contrast with this result, no LCST was
observed in the aqueous solutions of poly(AMHS).
The reason is attributed to the following fact that
too high hydrophilic interactions allow the
homopolymer of AMHS to completely dissolve in
water. Accordingly, the appropriate balance
between hydrophobicity and hydrophilicity on the
polymer chains plays a crucial role in preparation
of thermo-responsive polymer.

3.2. Structural confirmation of the copolymer
from HPA and AMHS

The FTIR spectrum and the 1H NMR spectrum of
PHA4 were recorded in order to confirm the struc-
ture of the copolymer. As shown in Figure 2 of
PHA4 FTIR spectrum, the broad peaks from about
3600 to 3250 cm–1 suggested the presence of the
–OH and –NH2·HCl groups. The strong character-
istic absorption at 1735.8 cm–1 was observed,
which was ascribed to the characteristics stretching
vibration of C=O group from HPA and AMHS
repeating units. Also, the absorption bands at
1176.2 cm–1 could be attributed to the C–O–C
stretching vibration. In the 1H NMR spectrum of
PHA4 shown in Figure 3, the main peaks of the

copolymer PHA4 were found. For example, the
peaks at 4.06 and 3.61 ppm were ascribed to meth-
ylene and methine groups in [–OCH2CH(OH)CH3]
repeating unit. The chemical shift of methylene and
methine groups in [–OCH2CH(OH)CH3] repeating
unit was also observed at 3.61 and 4.06 ppm. The
peaks for the two methylene groups
[–OCH2CH2NH2·HCl] in AMHS unit were
recorded at 4.21 and 3.32 ppm respectively. Here,
the peak at 4.9 ppm possibly indicated the exis-
tence of –NH2 groups in the AMHS repeating unit.
It is necessary to state that no peaks for –OH group
were found in the measurement using D2O as sol-
vent. The above-mentioned spectral data confirmed
the structure of the target copolymer. In addition,
the molar ratio of HPA to AMHS on polymer chain
for PHA1, PHA2, PHA3, and PHA4 were found to
be 0.75:1, 1.56:1, 2.25:1 and 3.01:1, respectively,
from 1H NMR results.
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Figure 2. FTIR spectrum of the PHA4

Figure 3. 1H NMR spectrum of the PHA4



3.3. Effect of the different factors on LCST

3.3.1. Effect of copolymer concentration in
aqueous solution on LCST

In this study, the temperature at which the transmit-
tance decreased to half of the initial value was
defined as the LCST. For the thermo-sensitive
polymer, a clear aqueous copolymer solution below
LCST became cloudy upon heating. A typical opti-
cal transmittance of the solution of PHA3 as a func-
tion of temperature is shown in Figure 4. Clearly,
the PHA3 precipitated out from the aqueous solu-
tion at temperature around 25–45°C range, depend-
ing on its concentration. The LCST value decreased
as the polymer concentration increased. When
PHA3 concentration was 1 wt%, its LCST was
about 40°C. As PHA3 concentration was increased
to 2 and 3 wt%, the LCSTs of PHA3 reached about
28.2 and 30.1°C, respectively. This result shows no
remarkable dependence of LCST upon the concen-
tration values at higher copolymer concentration.
Additionally, the phase transition interval is more
than 10°C for PHA3 copolymers. The reason for
this observation can be probably ascribed to the
wider molecular weight distribution of copolymer
or the different sequence of the monomer unit on
copolymer chain. The wider phase transition tem-
perature was also reported in another copolymer
system from 2-hydroxylpropyl acrylate [19].

3.3.2. Effect of the ratio of HPA to AMHS on
LCST

The temperature-responsiveness of the title copoly-
mers was confirmed by monitoring transmittance in

3% (wt) solution as a function of temperature. As
shown in Figure 5, the LCST of copolymer were
36.5, 28.2 and 17.8°C, respectively, when the
molar ratios of HPA to AMHS on polymer chain
were fixed at 1.56, 2.25 and 3.01. This result sug-
gested that LCST of copolymer was decreased with
increasing content of hydrophoblic HPA units.
Compared to AMHS, HPA factually exhibits a
slight hydrophobicity to some extent. The similar
tendency has been reported that the LCST of N-iso-
propylacrylamides-based copolymer was decreased
by the incorporation of more hydrophobic
monomer [20]. Additionally, no obvious LCSTs
were observed in the copolymer aqueous solution
when the ratio of HPA to AMHS was under 1 or
above 5 in the copolymerization. The reasons for
this may be explained as the excessive hydrophilic-
ity or hydrophobicity in the copolymeric chains.
LCST values of the copolymers prepared in this
study, especially for PHA2, are very close to the
physiological temperature. As a result, these
copolymers are suitable to the application in the
biomedical fields. In addition, the more sensitive
responsiveness was found with increasing the
hydrophobic HPA unit content in copolymer
chains. The temperature span in the phase transition
for PHA2 was about 28°C (from 27 to 55°C),
whereas the range during the phase transition for
PHA4 reached about 12°C (from 13 to 25°C).

3.3.3. Effect of pH value on LCST

Figure 6 demonstrates the effect of pH on LCST of
PHA3 copolymer. Herein, the phosphate buffered
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Figure 4. Effect of the copolymer concentration in aque-
ous solution on LCST Solvent: deionized water;
pH = 6.5; wavelength = 500 nm

Figure 5. Transmittance as a function of temperature for
copolymer in aqueous solution Solvent: deion-
ized water; pH = 6.5; wavelength = 500 nm



saline (PBS) with the same ion strength (I = 0.6)
was used as the medium for the different pH. From
the figure it is seen that the phase transition behav-
ior is considerably dependent on the pH value in the
solution; increasing pH leads to higher LCST value
in the range of pH 1.78–5.85. This effect is related
to the dissociative behaviors of the aminoethyl
hydrochloric salt moiety on AMHS units. The ion-
ization degree of aminoethyl hydrochloric salt was
increased with increasing pH value due to its weak-
base/strong-acid salt nature. So, the hydrophilicity
of copolymer increases with pH value, resulting in
a higher LCST value. This result is consistent with
the reported phase transition behaviors of poly(N,
N-diethylacrylamide-co-methacrylic acid) in differ-
ent pH solution [21]. At too higher pH, however,
the LCST sharply decreased with increasing pH
value. For instance, when pH values were adjusted
to 7.46, 8.94 and 10.25, the LCSTs were 18.7, 12.5
and 10.5°C, respectively.

3.3.4. Effect of the additive salt on LCST of the
copolymer

The thermo-sensitiveness of the copolymers is
derived from the hydrophilic/hydrophobic interac-
tions related to the copolymer chains and water
molecules [22]. The existence of some amino salt
groups on the copolymers prepared from HPA and
AMHS may likely alter the aforementioned interac-
tion, further inducing a change of LCST value.
Some salts increase the LCST of polymers, which
is called the ‘salting-in’ effect; while other salts can
decrease the LCST value, which is called ‘salting-

out’ effect [23]. In order to investigate the effect of
some inorganic salts on LCST of the copolymer,
two series of potassium salt and metallic nitrate
(0.02–0.20 mol/l) were added into the copolymer
aqueous solution (3 wt%), and their LCSTs were
measured.
Figure 7 has shown the LCST-shifting effect with
respect to the concentration of potassium salts.
Clearly, the LCST value of copolymer PHA4
changed drastically when potassium salts was
charged to copolymer solution. The changing
LCST increased with increasing its concentration.
For example, when the concentration of KBr was
0.02, 0.05, 0.10, 0.15, and 0.20 mol/l, the LCST of
PHA4 changed to 16.4, 15.8, 15.2, 14.9 and 14.4°C
from 17.8°C (in deionized water). The result was in
a good agreement with the studies on aqueous
hydroxypropyl cellulose solution by Oshima and
co-workers [24]. In addition, different from the
effect of KBr and KCl, LCST of the copolymer
PHA4 exhibited an increasing tendency with
increasing the concentration of KI. The LCSTs of
PHA4 increased to 18.1, 18.0, 18.5, 19.5 and
20.6°C, respectively, as KI concentrations were
fixed at 0.02, 0.05, 0.10, 0.15, 0.20 mol/l. It has
generally been accepted that the larger anion such
as I– served as ‘salting-in’ effect, while the smaller
anion including F–, Br– and Cl– functioned as ‘salt-
ing-out’ effect [23]. From the comparative data of
three anions, the effectiveness order from ‘salting-
out’ to ‘salting-in’ in this system is summarized as
follows: KCl ≈ KSCN > KBr > KNO3 > KI. The
experiment result is consistent with the investiga-
tion on the other polymer system [25]. In overall,
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Figure 7. Effect of a series of potassium salts in PHA4
aqueous solution on LCST Solvent: deionized
water; wavelength = 500 nm

Figure 6. Effect of pH in copolymers aqueous solution on
LCST Solvent: phosphate buffered saline (PBS);
wavelength = 500 nm



KI seems to increase H-bonding (hydrophilic inter-
action) between water molecules and copolymer
chains, leading to an increase in LCST value. On
the contrary, KBr and KCl seem to decrease the
interaction among water and polymer, resulting in
decrease of the LCST.
Figure 8 illustrated the effect of several metallic
nitrates on the LCST of copolymers as function of
its concentration. The addition of metallic nitrate
into the aqueous copolymer solution also induced
the alteration of LCST, especially for NaNO3,
Mg(NO3)2 and KNO3. For instance, when the con-
centrations of NaNO3 and Mg (NO3)2 were con-
trolled at 0.20 mol/l, the change of LCST was
found to be 4.9°C (12.9–17.8°C) and 2.0°C (15.8
–17.8°C), respectively. Al(NO3)3, however, appears
to be a weak LCST-shifter in our system, which is
not in accordance with the study on hydroxypropyl
cellulose system by Oshima [24]. The reason may
likely be ascribed to the fact that the copolymer
with amino salts investigated in this paper is differ-
ent from the nonionic hydroxypropyl cellulose
studied by Oshima. Additionally, NO–

3 ions act as
LCST-elevating driver. The LCST-elevating poten-
tial from NO–

3 ions in Al(NO3)3, solution overtakes
that in NaNO3, Mg(NO3)2 and KNO3 solution with
the same molar concentration. Concerning the
overall effect of nitrates selected, it could be con-
cluded that the order in effectiveness from ‘salting-
in’ to ‘salting-out’ was Al(NO3)3 > KNO3 >
Mg(NO3)2 > NaNO3. Therefore, NaNO3 could be
used as the efficient LCST-shifter for this copoly-
mer from HPA and AMHS.

4. Conclusions
In this study, a novel pH-temperature responsive
copolymers were prepared by modulating the ratio
of HPA to AMHS monomers. The LCSTs of the
resulting copolymers rapidly increased as the con-
tent of hydrophilic monomer AMHS was increased.
Also, the copolymer exhibited a complicated phase
transition behavior in the different pH medium, i.e.,
its LCST first increased and thereafter decreased
with an increase in pH value. The investigation on
the effect of additive salts suggested that LCST of
copolymer shifted either down or up, depending on
the different cations and anions, as well as on their
concentration. These copolymers seem to be good
candidates for being used as controlled-drug
release carriers by pH and temperature stimuli.
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