
Introduction

Thermosensitive polymers have been the subject of
many recent investigations owing to their potential uti-
lization as drug delivery systems [1]. In particular,
poly(N-isopropylacrylamide) (PNIPAM) and N-substi-

tuted polyacrylamides are potential candidates for this
purpose because they exhibit a lower critical solution
temperature (LCST) type of behavior [2]. These poly-
mers are soluble (below the LCST, which is ca. 32 �C for
aqueous solutions of PNIPAM [3]) mainly due to
hydrogen bonding between the water molecules and the

Marcio José Tiera
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Abstract A series of N-isopropyl-
acrylamide (NIPAM)-acrylic acid–
ethyl methacrylate terpolymers with
varied monomer compositions was
prepared by radical polymerization.
The solution behavior of these
polymers was studied in dilute
aqueous solution using spectropho-
tometry, fluorescence spectroscopy
and high-sensitivity differential
scanning calorimetry. The results
obtained revealed that the lower
critical solution temperatures de-
pend strongly on the copolymer
composition, solution pH and ionic
strength. At a high pH, the ioniza-
tion of acrylic acid (AA) units leads
to an increase in solution cloud
points (Tc). Solutions of polymers
containing 10% or less of AA dis-
play a constant Tc for pH above 5.5,
with 15% there is a continuous in-
crease in Tc with pH and, for higher
AA contents, no clouding was
observed within the studied temper-
ature range. Fluorescence probe
studies were conducted by following
the I1/I3 ratio of pyrene vibronic
bands and the emission of ani-
linonaphtalene sulfonic acid, sodium

salt (ANS), both approaches reveal-
ing the existence of hydrophobic
domains for polymers with higher
ethyl methacrylate content at tem-
peratures lower than Tc, suggesting
some extent of aggregation and/or a
coil-to-globule transition. Scanning
calorimetry measurements showed
an endothermic transition at
temperatures agreeing with the
previously detected cloud points.
Moreover, the transition curves
became broader and with a smaller
transition enthalpy, as both the AA
content and the solution pH were
increased. These broader transitions
were interpreted to be the result of a
wider molecular distribution upon
polymer ionization, hence, display-
ing varied solution properties. The
decrease in transition enthalpy was
rationalized as a consequence of
reminiscent hydration of NIPAM
units, even after phase separation,
owing to the presence of electric
charges along the polymer chain.
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amide groups of the macromolecular chain. As the
temperature increases, phase separation takes place due
to the breaking of these hydrogen bonds, associated with
a coil-to-globule transition for the polymer chain and
the dominance of NIPAM–NIPAM interaction [4–6].

In recent years, a variety of strategies have been
employed to tailor the temperature-induced phase
transition to temperatures appropriate for use in drug
delivery systems, and also to obtain polymers capable
of responding to an environmental stimulus such as pH
[7]. The development of systems that fulfill these
requirements with respect to phase transition and pH
sensitivity has been achieved by random and block
copolymerization employing hydrophobic and hydro-
philic monomers containing ionizing groups. Following
this strategy, NIPAM has been copolymerized with
different monomers to change their phase transition
temperatures [8]. When hydrophilic monomers are
copolymerized with NIPAM, the LCST of the obtained
polymer shifts to higher temperatures, while the copo-
lymerization with hydrophobic monomers leads to
more hydrophobic polymers and, hence, the LCST
moves to lower temperatures [9]. The copolymerization
with ionizing monomers is an interesting approach
because it makes it possible to adjust the thermosen-
sitivity close to that of human body temperature [10].
Acrylic acid (AA) is the most commonly employed
monomer for this purpose, but it restricts the resulting
thermosensitivity to a limited pH range, because at a
high pH the carboxylic groups are ionized and the
polymer becomes rather hydrophilic, decreasing its
thermosensitivity. Besides the copolymerization with
ionizing monomers [11], the grafting of preformed
polymers is also used as an alternative method to
impart pH sensitivity to the polymeric system [12, 13].
This procedure has been used by Chen and Hoffman
[14] to prepare PNIPAM grafted with poly(acrylic
acid). The polymer that is obtained maintains the
ability to phase separate at physiological pH (7.4), and
its cloud temperature remains at 32 �C [14].

Apart from the capability to display a temperature
response that is close to that of the human body, the
solubilization of hydrophobic drugs is an additional
desirable property since many pharmacologically active
compounds employed in drug delivery systems are
amphiphilic or hydrophobic molecules [15]. The
synthesis of polymers containing hydrophobic mono-
mers is an alternative to obtain amphiphilic systems
that could effectively encapsulate hydrophobic
substances. N-alkyl methacrylate monomers have been
employed for a long time as attractive alternatives in
designing these systems because of their inexpensive-
ness and facility of large-scale production. Methyl
methacrylate, for example, has been employed to
design drug carriers for doxorubicin [16], propanolol
[17] and nanoparticles for intravenous administration

[18]. Ethyl and tert-butyl methacrylate have recently
been employed by Jones et al. [19] to synthesize
amphiphilic polymers for oral administration of
hydrophobic drugs [19, 20]. Chiu et al. [21] have syn-
thesized polymers displaying potential application as
drug delivery systems employing AA, hexadecyl meth-
acrylate and two other monomers. These polymers
were capable of self-assembling in aqueous solution
forming hydrophobic aggregates whose sizes depend on
the polymer composition. Self-assembling has also been
observed for copolymers of NIPAM with methacrylate
monomers derived from cholic acid [22] and octade-
cylacrylate [23]. Kujawa et al. [24] have also prepared
hydrophobically modified copolymers of NIPAM with
N-glycine acrylamide, which form micellar aggregates
with pH-dependent phase separation temperatures. For
the above-mentioned systems, in addition to pH, which
can have a large effect on their aggregation, the pres-
ence of salts, surfactants and other additives was also
shown to affect considerably the LCST of these poly-
mers with magnitudes depending on both the polymer
structure and the nature of the additive [25, 26].

In earlier investigations, we used AA and ethyl
methacrylate (EMA) to prepare amphiphilic copolymers
which, in aqueous solution, exhibited hydrophobic do-
mains surrounded by ionized carboxylic groups
depending on the amount of EMA incorporated into the
copolymer and on pH [27, 28]. For a composition of less
than 20% of EMA, these features were detected at a
relatively high pH (6.0). The present work aims at
assessing the properties of the aqueous solutions
of polymers obtained by copolymerization of the
monomers mentioned earlier (AA and EMA) with the
addition of NIPAM, in an attempt to achieve thermo-
sensitive systems. Polymers containing increasing
amounts of AA and EMA were synthesized and their
phase separation and solution properties were investi-
gated using spectrophotometry, fluorescence and scan-
ning calorimetric measurements. The dependence of
their thermosensitivity on different conditions of pH and
ionic strength has been discussed taking into account the
polymer structures and their hydrophobic/hydrophilic
balances.

Experimental methods

Materials

N-isopropylacrylamide, from Sigma, was purified by
recrystallization from hexane. AA, from Aldrich, was
distilled twice under reduced pressure. EMA, from
Merck, was washed twice with 5% aqueous NaOH and
twice with water, then dried with MgSO4 and distilled
under reduced pressure. Pyrene (Aldrich) was purified
by two recrystallizations from ethanol.
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Polymers synthesis and characterization

The terpolymers used in this work were prepared by
thermal polymerization of appropriate proportions of the
monomers NIPAM, EMA and AA in 1,4-dioxane, using
4,4-azobis (4-cyanovaleric acid) (AIBNC) as the initiator.
As an example, the synthesis of T9055 is briefly described:
8.7 mg of AIBN was added to a mixture of NIPAM
(2.69 g, 23.8 mmol), AA (0.09 ml, 1.30 mmol) and EMA
(0.16 ml, 1.30 mmol) in dioxane (20 ml). The reaction
was stirred in an N2 atmosphere at 60 �C for 16 h. After
the polymerization, the mixture was cooled to room
temperature and the polymer was precipitated by the
addition of hexane. Finally, the polymer was purified
through two cycles of reprecipitation from hexane and
kept under reduced pressure in a desiccator with P2O5.

H1 NMR spectra were recorded in a Bruker
AC200 MHz spectrometer, at 25 �C. The homo- and
terpolymers were examined in about 10% (w/v) solu-
tions of deuterated DMSO. The amount of AA in the
terpolymers was determined by conductimetric titration
with freshly prepared NaOH in 50:50 (v/v) methanol/
water. The NIPAM content was determined from the
results of elemental analysis for nitrogen. The terpoly-
mer molar masses were determined by gel permeation
chromatography using a Shimadzu C-R7A chromato-
graph with refractive index detection. These analyses
were performed with N-methylpyrrolidone as solvent,
using poly(styrene sulfonate) standards. The contents of
AA, NIPAM, EMA and the molar masses of the
copolymers are shown in Table 1.

Fluorescence measurements

Fluorescence measurements, using pyrene 10)6 mol l)1,
were obtained using a Hitachi 4500 fluorescence spec-
trometer. Pyrene from a stock solution (1·10)3 mol l)1,
in methanol) was added to the polymer solutions
(1.0 g l)1), vigorously shaken and allowed to equilibrate
for 24 h before measurements were obtained. The I1/I3
ratio of pyrene fluorescence spectra was used to measure
the local environment polarity, I1 and I3 being the

intensities of the first (372 nm) and the third (383 nm)
vibronic peaks of pyrene fluorescence [27, 28]. The probe
1,8-anilinonaphtalene sulfonic acid sodium salt (ANS)
was also used for the same purpose. Pyrene and ANS
were excited at 310 and 377 nm, respectively, and their
emission spectra recorded from 350 to 650 nm. The
Hitachi F4500 instrument, with excitation and emission
wavelength set to 377 nm, was used to measure the
scattered light at 90� from the polymers solution as a
function of temperature. These light scattering experi-
ments were carried out to check possible intermolecular
interactions upon heating of the solutions. The temper-
ature of the water-jacketed cell holder was controlled
with a circulating Fisher Scientific bath (±0.1 �C) and
monitored with a thermistor probe inside the cell.

Cloud point determinations

Cloud point measurements were carried out in a Cary
100 spectrophotometer equipped with a Peltier temper-
ature control system. A thermistor probe continuously
monitored the temperature inside the cell and all
experiments were carried out under stirring. The tem-
perature of the polymers solutions (1.0 g l)1) was in-
creased from 15 to 80 �C in increments of 0.5–1.0 �C
and the transmittance was monitored at 450 nm. All
measurements were performed 10 min after each tem-
perature was reached, to ensure thermal equilibrium.
The cloud point was determined as the onset of the
decrease in transmittance plots as a function of tem-
perature. The pH of these solutions was controlled by
using phosphate and citric acid buffer systems
(10 mM l)1), whose ionic strength was adjusted to
0.5 mol l)1 with KCl.

Differential scanning calorimetry measurements

These measurements were obtained using a VP-DSC
(MicroCal, Northampton, MA, USA) high-sensitivity
differential scanning calorimeter equipped with 0.542 ml
twin cells for the reference and sample solutions. Ter-

Table 1 Characterization of the polymers used in this study

Terpolymer nomenclature
NIPAM:AA:EMA

Feed composition (mol%) Copolymer composition
(mol%)

Mw (g mol)1) Mw/Mn

NIPAM AA EMA NIPAM AA EMA

PNIPAM 100 0 0 100 0 0 2.3·106 4.81
T80:5:15 90.0 5.0 5.0 80.9 5.3 13.8 3.1·106 1.84
T70:10:20 80.0 10.0 10.0 70.2 9.3 20.5 3.3·106 1.98
T60:15:25 70.0 15.0 15.0 62.6 13.7 23.7 3.4·106 2.15
T55:20:25 60.0 20.0 20.0 53.9 20.6 25.5 2.4·106 2.11
T40:30:30 40.0 30.0 30.0 39.7 33.0 27.3 1.8·106 1.84
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polymer solutions at a concentration of 0.1 wt%, and
dissolved in the appropriate buffer with ionic strength of
0.5 mol l)1, were used. All measurements were per-
formed with a scan rate of 30� h)1, in which the tran-
sition was assumed to occur close to equilibrium
conditions. The enthalpy change associated with each
transition was calculated from the integration of the
calorimetric curves using the equipment software (Mic-
roCal Origin, version 5.0).

Results and discussion

The NMR spectrum shown in Fig. 1 confirms the for-
mation of the terpolymers containing the employed
monomers. The peaks at d3.9 and 7.2 ppm are assigned
to protons in the isopropyl [(Me)2C H–] and amide
(–CON H–) groups, respectively. The peaks of the main
chain of the three monomers are shown in the d1.0–
2.0 ppm range, except for the methyl group in EMA
[–CH2–(CH3)C(R)–], which appears at d0.85 ppm.
Peaks centered at 12.0 and 3.8 correspond to the protons
of the carboxylic group and to the methylene group in
–OC H2CH3, respectively [29]. The considerable overlap
observed for the peaks of the three units does not allow
their accurate characterization by NMR. Table 1 shows
the results obtained for the characterization of the ter-
polymers by conductimetric and elemental analysis,
confirming the successful preparation of copolymers
with increasing contents of AA and EMA.

The thermosensitivity of PNIPAM aqueous solutions
is attributed to changes in the degree of hydration of the
polymer chain in solution. There is strong evidence that
both the carbonyl and the hydrogen from the amide
group are hydrogen bound to water, being responsible
for holding the polymer chain in aqueous solution [30].
The increase in temperature leads to disruption of these
hydrogen bonds and, ultimately, to phase separation.
Therefore, the hydrophilic/hydrophobic balance plays

an important role in determining its thermosensitivity.
Figure 2 shows a representative plot of changes in
transmittance at 450 nm as a function of temperature, at
pH=6.0 and ionic strength 0.5 mol l)1. For solutions of
the homopolymer NIPAM, the observed cloud point
was 23 �C, which is consistent with the recently pub-
lished study of Bokias et al. [31], who found a depression
of the LCST with the increase of ionic strength of the
solution. Shild and Tirrell [32] also verified a similar
behavior in an earlier work, where it was proposed that
the physical origin for the LCST depression could differ
depending on the salt type. This result has been more
recently explained on the basis of the capacity of these
ions to subtract water molecules from the polymer chain
strengthening the hydrophobic interactions [33]. Fig-
ure 2 illustrates that the phase transition temperature

Fig. 1
1 H NMR spectrum of

the terpolymer T40:30:30 in
deuterated DMSO
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Fig. 2 Cloud point measurements for 0.1% aqueous solutions of
the polymers PNIPAM (filled square); T80:5:15 (filled circle);
T70:10:20 (open triangle); T60:15:25 (filled inverted triangle); at
pH=6.0 and ionic strength 0.5 mol l)1
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(Tc) for the terpolymers is progressively shifted to tem-
peratures higher than those observed for PNIPAM.
EMA should be less favorably solvated by water than
NIPAM, as suggested by the much smaller solubility of
homopolymers of EMA with respect to PNIPAM. The
results shown in Fig. 2 reveal that, even if the terpolymer
hydrophobicity is increased by adding EMA units, the
presence of AA monomers overcomes this decrease in
hydration resulting in an increased solubility of the
terpolymer. This is due to the ionization of AA car-
boxylic groups, which start to become partially charged
for pH values above 4.5. However, in contrast to NI-
PAM-AA copolymers, which exhibit phase separation
only at low pH values (pH<4.5) [34–36], the presence of
EMA monomer in the polymers balances to some extent
the hydrophilic character of AA and the phase separa-
tion for the terpolymers can take place at higher pH
values. Figure 3 shows the effect of pH on Tc, and makes
it possible to evaluate the contribution of AA to the
solution behavior of these polymers. Tc does not change
for the homopolymer PNIPAM but, for all terpolymers,
increases as the pH is raised. This effect is more pro-
nounced the higher the AA content is. At lower extents
of AA ionization, the polymer chain should adopt more
compact conformations, associated with more effective
intramolecular hydrogen bonds [31], thereby increasing
the polymer hydrophobicity and decreasing its solubility
in water.

For the copolymers with 5 and 10% of AA, the cloud
points increase, reaching plateaus at 30 and 40 �C,
respectively, in the pH range of 6–7.4, probably reflect-
ing the high ionization degree of their AA units. The
terpolymer containing 15% of AA displays a more
pronounced increase of Tc with pH, with cloud points

reaching temperatures above 70 �C for pH higher than
6. In the copolymers with 20 and 30% AA, no phase
separation was observed within the studied temperature
range, for pH above 6, and for lower pH they were
insoluble in the buffer conditions. This general behavior
can be explained by considering that, upon AA ioniza-
tion, the polymer chain becomes more hydrophilic,
adopting a more extended conformation owing to
repulsion between the charges [27, 28].

Although no phase separation was observed for
solutions of the polymers with higher contents of acrylic
acid, this does not imply that their solution behavior is
temperature-independent. Fluorescence measurements
using pyrene and ANS were used to verify whether the
polymer chains experience conformational changes and/
or aggregation at temperatures below their cloud points.
Figure 4 shows the results obtained for the different
terpolymers at different pH values in the presence of
pyrene. In general, the I1/I3 ratio decreases with
increasing temperature, which indicates changes in the
polarity of the probe surroundings. Pyrene, in the
presence of the polymer solutions of PNIPAM and
T80:5:15, exhibits an abrupt decrease in the ratio I1/I3 at
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Fig. 3 Changes in cloud points as a function of the pH for
solutions of the polymers PNIPAM (filled square); T80:5:15 (filled
circle); T70:10:20 (open triangle); T60:15:25 (filled inverted triangle);
at ionic strength of 0.5 mol l)1
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the same temperature in which the transmittance is de-
creased, i.e., at 23 and 29 �C, respectively. At low tem-
peratures (at pH=7.4) the I1/I3 ratios for the probe in
the presence of PNIPAM and T80:5:15 remain at about
1.9–1.8, denoting an aqueous environment, probably
associated with more expanded conformations for these
polymers. The abrupt decrease of the I1/I3 values can be
attributed to pyrene being solubilized into a globular
form of the polymer chain, i.e., an apolar microenvi-
ronment is formed due to the coil–globule transition of
the terpolymers [6]. On the contrary, with the terpoly-
mers, T70:10:20 and T60:15:25, between pH 5 and 6,
pyrene exhibits a decrease in the I1/I3 ratio starting
before the detection of the phase separation, which
indicates an intramolecular coil collapse and/or inter-
molecular aggregation of the polymer chains. The same
behavior was also observed in experiments with the
probe ANS. The fluorescence quantum yields and ANS
fluorescence spectra are changed when this probe moves
from a hydrophilic to a hydrophobic microenvironment
[37, 38]. In an aqueous environment, the probe exhibits a
maximum fluorescence at 515 nm and as the tempera-
ture increases both a blue shift and an increase in the
fluorescence emission are observed. The new band
exhibits a maximum emission at 465 nm corresponding
to the probe solubilized in a hydrophobic microenvi-
ronment. The I515/I465 ratio was plotted as a function of
temperature for the various polymers at pH=6.0 and
the curves obtained are very similar to those obtained
for pyrene (Fig. 5). The ratio I515/I465 for ANS in the
presence of PNIPAM and T80:5:15 exhibited a break at
their cloud points, 23 and 29 �C, respectively. On the
other hand, for the terpolymers T70:10:20 and T60:15:25
the I515/I465 values decrease before clouding takes place,
which can reflect either intramolecular interaction or
aggregation of individual chains. These interactions
provide hydrophobic microenvironments to which ANS

may migrate, thus, having its fluorescence spectra dis-
placed to shorter wavelengths.

In solutions of T55:20:25 and T40:30:30, the fluo-
rescence spectra of pyrene and ANS did not change
significantly, with I1/I3 (Fig. 4e, f) and I515/I465 (data not
shown) remaining almost constant. It is known that the
I1/I3 ratio of the pyrene emission spectrum is slightly
affected by the temperature, which could explain the
small decrease observed for these two polymers, as
shown in Fig. 4e, f. Owing to the high AA and EMA
content of these polymers, their chains may self-assem-
ble to form hydrophobic microenvironments even at
lower temperatures. However, despite the small tem-
perature dependence of the probe’s fluorescence spectra,
the light scattering at 90� (377 nm) for the solution of
T70:10:20, T60:15:25, T55:20:25 and T40:30:30 increases
continuously with temperature, as shown in Fig. 6,
which can be interpreted as a sign of an aggregation
process taking place in these solutions. The intramolec-
ular interactions for these terpolymers are strengthened
due to the polymer dehydration, increasing their ten-
dency to interchain aggregation [39].

The ionic strength has a marked effect on the cloud
points for all the polymer solutions studied. Figure 7
shows the Tc values determined for all polymers at
pH 7.4 as a function of ionic strength. The cloud points
for PNIPAM solutions decreased linearly with the ionic
strength from 0.15 to 1.0 mol l)1. A similar result for
PNIPAAm has recently been reported by Maeda et al.
[40, 41] based on turbidimetric and FTIR spectroscopy
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studies. For solutions of the polymers T80:5:15 and
T70:10:20 a more pronounced decrease in Tc was ob-
served in the same ionic strength range (0.15–1.0 mol l)1).
At low ionic strength these polymers should adopt more
expanded conformations due to electrostatic repulsion
between the charged carboxylic groups. As the ionic
strength is increased, the added ions may shield the elec-
trostatic repulsion and these polymers tend to assume
more compact conformations, increasing the intramo-
lecular and hydrophobic interactions. Moreover, upon
electrolyte addition, water becomes a worse solvent, due
to their salting out behavior [30]. These two processes
explain the behavior depicted in Fig. 7.

The general behavior derived from the spectropho-
tometric and fluorescence probe studies was confirmed
by the scanning calorimetric measurements. The
enthalpy changes in these polymer solutions can be
attributed to the disruption of the hydrogen bonds
between the polymer and water molecules. In addition to
this contribution, the destruction of water–water
hydrogen bonds in the hydrophobic hydration shell
around the isopropyl group has also been indicated as
important for the whole process [41]. These two pro-
cesses account for the endothermic transition observed
in the calorimetric curves, as shown in Fig. 8.

Figure 8a shows the calorimetric curves for the
homopolymer PNIPAM and terpolymers T80:5:15 and
T70:10:20, at pH 6 and ionic strength of 0.5 mol l)1.
The observed phase transitions agree well with the
temperatures determined with the other techniques,
although the onset of transitions determined by high-
sensitivity DSC (HSDSC) is always smaller due to the
higher sensitivity of this technique [46, 47]. This finding
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also confirms that polymer conformational changes may
start to occur prior to macroscopic phase separation, as
suggested by our fluorescence measurements. One
additional information provided by HSDSC measure-
ments is about the shape of the transition curves. For
PNIPAM, the phase separation transition displays a
width at half-height of 1.6 degrees in agreement with
other investigations [42]. On the other hand, the ter-
polymers show broader phase transitions, as can be seen
in Fig. 8a. This kind of enlargement of the curves—an
asymmetric shape characterized by a sharp leading edge
followed by a gradually declining tail—is indicative of
an association transition. This behavior has also been
reported by Leharne and co-workers [43] working on
aqueous solutions of poloxamine and by Kunugi et al.
[44] with copolymers of poly(N-vinylisobutyramide-it
co-vinylamine). In both works, the enlargement of the
transition curves was observed as the pH of the aqueous
solution was changed from basic to acid conditions, i.e.,
by increasing the number of ionic residues on the poly-
mer chain. Therefore, the broadness of the transitions
revealed by HSDSC is related to the Coulombic repul-
sion arising from the charged carboxylic groups on the
polymer chain, which will prevent the aggregation [43,
44]. The chemical diversity of polymer chains may also
affect the shape of the transition curves. This can be
understood if one considers that the different monomers
should be statistically distributed among the formed
polymer chains, leading to a sample that contains not
only macromolecules of different molar masses, but also
displays monomer compositions that follow a statistical
distribution. The energies involved in these phase tran-
sitions may be compared to the different polymers
investigated taking, as a basis of comparison, the num-
ber of moles of NIPAM monomers [45], which are the
monomers most significantly removed from the aqueous
environment. Following this assumption, it makes sense,
as the curves of Fig. 8a point out, that the enthalpies of
transition decrease as other monomers are incorporated
into the terpolymer. The transition enthalpies, calculated
on the basis of moles of NIPAM, are 1.95, 1.52 and
0.77 kcal mol)1, respectively, for pure PNIPAM,
T80:5:15 and T70:10:20, revealing a decrease of transi-
tion energy as the NIPAM content decreases. The value
obtained for PNIPAM agrees well with previous mea-
surements reported by Shild and Tirrell [32] and Kujawa
et al. [24] and Loh et al. [42]. The trend displayed by
these results can be rationalized considering the effect of
the ionized AA groups present in the terpolymers, giving
rise to repulsive forces hindering the complete collapse
and aggregation of the polymer chains. As a conse-
quence, it is likely that, the higher the AA content, the
more NIPAM units remain somehow hydrated, even
above the solution cloud point.

The effect of pH changes, which should result in
different degrees of ionization for the AA units, is shown

in Fig. 8b for the terpolymer T80:5:15. These results
show that, upon increased ionization, cloud points are
shifted to higher temperatures, as already verified by
results with the other techniques. Moreover, there is a
clear broadening of the transition peaks, associated with
a marked decrease in transition enthalpies, both effects
being more pronounced when pH is changed from 5 to
6, and less significant between pH 6 and 7.4. The extent
of these changes within the studied pH range agrees with
the trend displayed by the spectrophotometrically
determined cloud points (shown in Fig. 3), confirming
that, for this terpolymer, a more significant change in
solution behavior occurs between pH 5 and 6, probably
due to a larger extent of AA ionization. The widening of
the transition peak and the decrease in transition en-
thalpy may be explained following the same arguments
presented to interpret the results of Fig. 8a. The elec-
trical charges associated with the ionization of the AA
units are statistically distributed among the different
polymer chains that compose this sample, widening its
chemical diversity and, consequently, the range of
transition temperatures leading to a broader peak. The
presence of extra negative charges will also prevent some
NIPAM–NIPAM contacts, with more units remaining
hydrated after phase separation, resulting in a less
endothermic transition process [44].

The effect of adding more electrolytes to a T80:5:15
solution at pH 7.4 is shown in Fig. 8c. These results
reveal that by increasing the ionic strength, there is a
depression in the cloud points, in agreement with the
results shown in Fig. 7, and also that the transition
peaks become narrower and are associated with larger
enthalpy changes. These results follow the reverse trend
displayed in Fig. 8b, owing to increased ionization of
AA units. In fact, the addition of electrolytes should
result in a shielding effect reducing repulsion between
the charged carboxylic groups, which in turn increases
the dehydration of the polymer chain leading to larger
enthalpy changes displayed in Fig. 8c.

Conclusions

The copolymerization of the monomers AA and EMA
with NIPAM allowed the preparation of terpolymers
displaying varied aqueous solution properties. The
phase transition temperatures for these terpolymer
solutions are progressively shifted to temperatures
higher than those observed for PNIPAM, and their
solution behavior is highly dependent on both the
solution pH and ionic strength. These results confirmed
the possibility of tailoring polymer solutions to display a
desired phase transition temperature by controlling their
composition or solutions parameters. For some ter-
polymers, the formation of hydrophobic domains was
detected at certain solution conditions, which confers
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additional importance on these polymer solutions
allowing the incorporation of hydrophobic substances.
Scanning calorimetric measurements revealed further
insights into these transition processes in terms of in-
creased transition broadness and decreased enthalpy
changes upon the increase of electrical charges in the
polymer chains.
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