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ABSTRACT: The effect of additives on the LCST phase behavior of aqueous solutions of either poly(N-
isopropylacrylamide) (PNIPAM) or poly(vinyl methyl ether) (PVME) has been investigated using high-
resolution ultrasonic spectroscopy (HR-US) and modulated temperature differential scanning calorimetry
(MTDSC). Both techniques revealed that the addition of salt causes a decrease in demixing temperature
(Tdemix) due to the water-structuring capacity of salt ions. This salting-out effect becomes more pronounced
at high polymer concentration, causing an asymmetric shape of the LCST demixing curve. Conversely,
adding a surfactant results in an increase of Tdemix because of the increased solubilization of the polymer
chains. In addition, HR-US provides supplementary information on a molecular level, illustrating that
both types of additives dissimilarly affect the polymer-water hydration structure; i.e., salt ions primarily
dislocate the structured water molecules, whereas surfactants interact with the polymer itself.

Introduction
Intelligent water-soluble polymers have attracted

considerable interest as they often display large, revers-
ible conformational changes in response to small exter-
nal stimuli, causing a change in physical or chemical
properties.1 Among this class of materials, thermore-
sponsive polymers have been extensively studied as they
can serve as simple analogues to mimic the water
solubility of, for instance, proteins and other biopoly-
mers.2 Such aqueous polymer systems are frequently
characterized by a lower critical solution temperature
(LCST) type of demixing behavior, which implies that
the polymers dissolve (swell) in water at low tempera-
ture. Increasing the temperature causes the polymer to
phase separate from the aqueous solution whereas the
cross-linked analogues may display an order-of-magni-
tude change in hydrogel size. Therefore, such materials
can be used in numerous applications as actuators,3,4

artificial muscles,5 dewatering membranes,6 drug de-
livery systems,7-10 thermoresponsive surfaces,11-13 light
modulation systems,14 and molecular recognition
agents.15,16 The temperature-induced phase separation
process in aqueous polymer systems originates from
varying inter- and intramolecular interactions upon
heating.17,18 At low temperature the homogeneous mix-
ture exhibits predominantly intermolecular hydrogen
bonding as demonstrated by various experimental
techniques.19-22 Heating the polymer/water mixture
promotes hydrophobic interactions between the polymer
chains, causing aggregate formation accompanied by an
endothermic heat effect and an intensifying opacity of
the originally transparent solution.23-32

In terms of thermodynamics, the liquid-liquid phase
behavior of a polymer mixture is usually explained using
the Flory-Huggins lattice theory, taking into account
specific interactions. To describe the different types of
phase separation that have been experimentally ob-
served, the interaction function needed to be regularly
adjusted. In this respect, Šolc et al. introduced an
extensive concentration dependence33 that later on

turned out to be at least a cubic polynomial function to
get an acceptable fit of the data for aqueous polymer
systems.34,35 Once this function is known, the entire
phase diagram can be calculated, by minimizing the
Gibbs free energy of mixing for any given composition.
The polynomial expression of the modified interaction
function will generate additional roots, but only three
are meaningful. The first possibility leads to the clas-
sical Flory-Huggins demixing behavior with a critical
concentration that shifts toward the solvent axis and
lower temperature as the polymer chain length in-
creases. Such behavior is also called type I and was, for
instance, observed for the poly(N-vinylcaprolactam)
(PVCL)/water system.26,27

One extra root is responsible for what is called type
II demixing behavior, which includes a critical point
independent of the polymer chain length at off-zero
concentration, found for the poly(N-isopropylacrylamide)
(PNIPAM)/water system.28-30 Finally, two extra roots
lead to the so-called type III demixing behavior, char-
acterized by a bimodal demixing curve, typically ob-
served for the poly(vinyl methyl ether) (PVME)/water
system.25,31-34 In this case, three different two-phase
areas can be distinguished (often referred to as R, â, and
γ). The critical point at low polymer concentration again
represents the classical Flory-Huggins demixing be-
havior (R-domain), while the â-domain displays type II
demixing behavior. Both areas are separated from the
γ-domain by an invariant three-liquid-phase coexistence
line at constant temperature.

Other theoretical approaches are available, but most
of them address the problem of, for instance, bimodality
in a semiempirical way; i.e., extra terms are added to
ascertain a sufficiently pronounced concentration de-
pendence of the interaction function used, which makes
the description of multiple critical points feasible.36-40

The above-mentioned descriptions assume the poly-
mer to be monodisperse so that the polymer solution
can be treated as a strictly binary system. Synthetic
polymers, however, are always polydisperse and should
therefore be treated as quasi-binary systems, which
makes its theoretical description less straightforward.
Hence, in the quasi-binary treatment coexistence curves
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become cloud point curves, the invariant three-phase
line at constant temperature becomes a three-phase
region, etc. Similar adaptations hold for multicomponent
(e.g., ternary) systems, causing the information on this
topic to be less available.41-43 More details on strictly
binary, quasi-binary, and ternary systems can be found
elsewhere.44

These phenomenological (and thermodynamically cor-
rect) approaches, describing the different types of LCST
miscibility behavior (I, II, and III), cannot explain the
observed differences on a molecular level. Therefore,
Nies et al. recently started to adapt the general theory
of Wertheim for saturation interactions45 to the lattice
model, especially focusing on the phase behavior of
polymer solutions. With this approach, the hydration
concept can be theoretically quantified on the basis of
the balance of dispersive and saturation interactions
between the solvent and the polymer under investiga-
tion. In this way, the bimodal LCST miscibility gap (at
physiological temperatures) of the PVME/water system
could be predicted and understood on a molecular basis,
together with other liquid-liquid and solid-liquid
coexistence data at subzero temperatures.46-48 This new
approach allows explaining the thermodynamic behav-
ior of different polymer mixtures as a function of
pressure, temperature, composition, and chain length
in terms of the relevant molecular interactions between
polymer and solvent. The effect of additives might be
explained similarly by introducing additional molecular
interactions. However, the theoretical extension, from
a (quasi)-binary to a ternary system in the presence of
additives, is beyond the scope of the current paper,
which aims at a thorough experimental description of
the role of additives in aqueous polymer systems using
high-resolution ultrasonic spectroscopy (HR-US) and
modulated temperature differential scanning calorim-
etry (MTDSC) as innovative analytical techniques.

The thermoresponsive behavior of polymers in aque-
ous solution can easily be varied by addition of small
molecules, as these in general alter the polymer-water
interactions. Salts, for instance, are known to disrupt
the hydration structure surrounding the polymer chains,
causing a decrease in demixing temperature.49-58 This
alteration is ion-dependent, which can be represented
by the well-known Hofmeister series (Table 1)59 which
originates from the ability of ions to precipitate egg
white proteins, for both anions and cations. The most
destabilizing ions are known as structure-makers or
kosmotropes, while the more stabilizing ones are called
structure-breakers or chaotropes. Alternatively, the
ability of additives for binding water molecules can also
be expressed by the Jones-Dole viscosity B coefficient,
reflecting the change in viscosity regarding pure wa-
ter.60,61

Surfactants, contrary to salts, are often used to obtain
a stable aqueous dispersion of hydrophobic solutes.62 By
doing so, the properties of both the solute and the
surfactant are mutually modified, which was already
thoroughly elaborated for dilute polymer solutions.63-67

Several studies revealed that the surfactant molecules
adsorb onto the polymer by means of their hydrophobic
tails, either individually or in micellar form.68-71 Hence,

the addition of surfactants causes an improved solubi-
lization of the polymer chains, usually reflected by
elevating the phase separation temperature.72-75 In-
creasing the surfactant concentration may well inhibit
aggregation of the collapsed polymers or even prevent
the coil-to-globule transition entirely.76-79 This will be
decided by the polymer conformation and the amount
of repulsive electrostatic interactions between the ionic
heads of the adsorbed surfactant molecules, which
depend on the nature of the surfactant and polymer
used. That is why, in contrast to salts, it is less
straightforward to generalize the potential consequences
of adding surfactants on the phase separation properties
of polymer/water mixtures.

In this work we will investigate the influence of both
salts and surfactants on the water solubility of PNIPAM
(type II LCST) and PVME (type III LCST) for mixtures
spanning the entire composition range, in contrast to
literature where such evaluation is usually limited to
dilute polymer solutions. In this respect recently intro-
duced high-resolution ultrasonic spectroscopy (HR-US)
will be applied together with MTDSC. The former
technique is based on measuring the resonance char-
acteristics of ultrasonic waves propagating through a
sample. The produced oscillating pressure causes me-
chanical deformation of the studied material; i.e., com-
pression in the ultrasonic wave changes the intermo-
lecular distances in the sample, to which the molecules
respond by intermolecular repulsions, causing them to
return to their original positions. The propagation of a
sound wave thus depends on the transfer of vibrations
from one molecule to another. Therefore, ultrasonic
spectroscopy enables direct probing of the intermolecu-
lar forces in the analyzed medium and thus the analysis
of its physical and chemical properties.80-84 The propa-
gation of ultrasonic waves is essentially described by
its velocity and attenuation. The ultrasonic velocity is
extremely sensitive to intermolecular interactions, mo-
lecular organization, and composition of the analyzed
medium, since these properties induce variations in the
sample compressibility, which is the main factor deter-
mining the ultrasonic velocity.81-86 The ultrasonic at-
tenuation results from energy losses during consecutive
compressions and decompressions while the ultrasonic
wave goes through the sample. In nonhomogeneous
samples (e.g., phase-separated mixtures), these energy
losses contain a large contribution originating from the
scattering of ultrasonic waves, making HR-US an ap-
propriate technique to evaluate aggregate forma-
tion.81,83,84 The calculation of the ultrasonic parameters
(i.e., velocity and attenuation) along with a more
profound discussion on the principles of the HR-US
technique itself can be found in the literature.80,83

In this paper the results from HR-US will be used to
support observations made by optical microscopy (OM)
and MTDSC, which already proved to be a powerful tool
for characterizing demixing and remixing in polymer
solutions.25,27,29,30,32

Experimental Section

Materials. PNIPAM was obtained from PolySciences Inc.,
having a weight-average molecular weight (Mw) of 74 000 g
mol-1, whereas PVME (dissolved in water, 50/50 w/w) was
purchased from Aldrich Chemical Co. Inc. (Mw ) 20 000 g
mol-1). The polymers were dried under vacuum for at least
48 h at 130 or 40 °C, respectively, until the water content was
less than 0.2 wt % as determined by thermogravimetric
analysis (TA Instruments TGA 2950). The glass transition

Table 1. Hofmeister Series According to Ref 59

strongly hydrated weakly hydrated

anions SO4
2- > HPO4

2- > F- > Cl- > Br- > I- > NO3
- > ClO4

-

cations Al3+ > Mg2+ > Ca2+ > H+ > Na+ > K+ > Rb+ > Cs+ > NH4
+
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temperature of dried PNIPAM is 140 °C, while that of PVME
equals -25 °C.

Salt-containing aqueous solutions were obtained by adding
NaCl, CaCl2, or Na2SO4 to demineralized water, having
concentrations of either 0.173, 0.349, or 0.524 M, whereas
surfactant-containing aqueous solutions (0.035 M) were ob-
tained by introducing sodium dodecyl sulfate (SDS). Hence-
forth, a range of polymer/solvent compositions (w/w) was
prepared, by adding the appropriate amount of water (with
or without additives) to the dry polymer. These mixtures were
initially stirred at room temperature, after which they were
stored at 4 °C for at least 2 weeks to promote homogenization.

Characterization. Optical Microscopy (OM). Cloud points
were determined by measuring the light transmitted through
thin samples between glass slides mounted in a Mettler Toledo
FP82HT hot stage, which was placed in a Spectratech optical
microscope (magnification ×10) equipped with a photodetector
(most sensitive at a wavelength of 615 nm). Temperature
calibration was done with benzophenone. Nonisothermal
experiments were performed at 0.5 °C min-1, using a nitrogen
purge to cool below room temperature. A threshold value of
2% in the decrease of light transmittance (against 100% for
the transparent homogeneous solution) upon heating was
chosen as the cloud point temperature.

Modulated Temperature Differential Scanning Calorimetry
(MTDSC). MTDSC measurements were performed on a TA
Instruments 2920 DSC with the MDSC option and a refriger-
ated cooling system (RCS). Helium was used as a purge gas
(25 mL min-1). Indium and cyclohexane were used for tem-
perature calibration. The former was also used for enthalpy
calibration. Heat capacity calibration was performed with
water at 20 °C. Data are expressed as specific heat capacities
(or changes) in J g-1 K-1. Standard modulation conditions were
an amplitude of 0.50 °C with a period of 60 s. Nonisothermal
experiments were performed at an underlying heating/cooling
rate of 0.2 °C min-1. Samples of 1-5 mg were introduced in
Mettler aluminum pans that are subsequently hermetically
sealed.

High-Resolution Ultrasonic Spectroscopy (HR-US). High-
resolution ultrasonic spectroscopy measurements were per-
formed on an Ultrasonic Scientific HR-US 102 spectrometer
fitted with two 1 mL cells. The principles of the measurement
of ultrasonic velocity and attenuation, employed in this
method, are described earlier.80 All experiments were done at
selected frequencies: 7.5, 11.6, and 14.6 MHz. The cells were
filled with 1 mL of water (reference) and polymer/solvent,
respectively. Temperature control was achieved by using a
Julabo HD-4 water bath. Standard heating/cooling rates were
0.2 °C min-1. The polymer solutions in the HR-US cell were
not stirred to have similar experimental conditions as in the
other analytical techniques, unless mentioned otherwise.

Results and Discussion

The phase separation properties of polymers in aque-
ous solution are easily affected by the presence of small
molecules (e.g., salts, surfactants, alcohols, etc.) as these
alter the polymer-water interactions. In this section,
the perturbation strength of several additives will be
investigated using MTDSC, HR-US, and OM. This
examination will be performed for compositions span-
ning the entire concentration interval in order to
construct a state diagram.

Influence of Salt on the Phase Behavior of
PNIPAM/Water. Salts are known to influence the
phase behavior of aqueous PNIPAM solutions, since
they disrupt the hydration structure surrounding the
polymer chains. Sodium chloride (NaCl) is a typical
example of what is called a water structure-maker,
which implies that the hydration sheath near the
polymer chains becomes partially destroyed. This ex-
plains why the addition of NaCl decreases the demixing

temperature of the aqueous polymer solution upon
heating,56,57 as illustrated in Figure 1 for a 5/95 PNIPAM/
water mixture using OM. The initial decrease in (nor-
malized) light transmittance is used to define the cloud
point temperature, which results from the aggregation
of collapsed polymer chains during the phase separation
process.17,24,87 This hydrophobic association in conjunc-
tion with the intermolecular breaking of hydrogen bonds
causes an endothermic heat effect, which can be studied
using MTDSC. By doing so, the total demixing enthalpy
is separated into two endothermic contributions, of
which the largest part is found in the heat capacity
signal (and as such in the reversing heat flow), whereas
the nonreversing heat flow contains the other part.29,30

Hence, the former signal is termed apparent (cp
app) to

distinguish it from the baseline specific heat capacity,
cp

base. Figure 2 shows the evolution of cp
app upon heating

a 30/70 PNIPAM/water solution with various amounts
of NaCl. The initial deviation of cp

app from the extrapo-
lated experimental cp

base (Figure 2, dashed line) indi-
cates the start of phase separation, which is found at
lower temperature as salt is added to the aqueous
polymer mixture.

Figure 1. Normalized light transmittance during nonisother-
mal demixing of 5/95 PNIPAM/water with varying amounts
of NaCl: 0, 0.173, 0.349, and 0.524 M.

Figure 2. cp
app during nonisothermal demixing of 30/70

PNIPAM/water with varying amounts of NaCl: 0, 0.173, and
0.349 M. Dashed line (extrapolated experimental cp

base) is a
guide to the eye. Tilted arrows indicate drop of cp

app below cp
base

(considered as onset of partial vitrification).
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Both Figure 1 and Figure 2 clearly illustrate that the
depression of the phase separation temperature en-
larges as the salt concentration increases (indicated by
the arrow).54,57 This can be represented by following
linear relationship (see also Figure 3, inset):51

with Tdemix and Tdemix
0 the demixing temperatures in

the presence and absence of salt, respectively, and CS
the molar salt concentration. KS is a measure of the salt
effectiveness in modifying the stability of the aqueous
polymer solution. This empirical factor KS becomes
larger as the polymer concentration increases (Figure
3), which can be understood by considering the Frank-
Wen model.50 The available water molecules will pri-
marily hydrate the added ions, by which fewer water
molecules are able to contribute to the polymer hydra-
tion sheath. Consequently, the salting-out effect is best
noticeable at high polymer concentration (Figure 3). As
a result, the demixing temperature of concentrated
PNIPAM/water mixtures decreases to a larger extent,
which is reflected in the variation of the (type II) LCST
demixing curve (Figure 4a).

The change in polymer hydration sheath will also
affect the glass transition temperature (Tg) of the
homogeneous aqueous polymer mixture since the ac-
cessible water molecules plasticize the nearby polymer
chains. Therefore, the addition of salt, which involves
partial dehydration of the polymer, inevitably results
in a higher Tg value and thus in an elevation of the Tg-
composition curve (Figure 4b, compare + with × for the
binary and ternary mixture, respectively). This increase
in glass transition temperature again becomes more
pronounced as the molar salt concentration increases,
although in a nonlinear manner unlike Tdemix (Figure
3). The Tg of, for instance, a homogeneous 90/10
PNIPAM/water mixture increases from 43 °C (no salt)
to 52 °C (CS ) 0.173 M NaCl) or to 68 °C (CS ) 0.349 M
NaCl), depending on the amount of NaCl added. The
higher Tg value proves that there are fewer water
molecules surrounding the polymer chains, thus indi-
cating that the structuring capacity of salt is larger than
that of the polymer. This seems to agree with earlier

studies, in which most authors state that the available
ions exert their influence almost exclusively via their
water-structuring capability and less (or not) via direct
interactions between ions and monomeric units.50-52,88,89

In previous work we demonstrated that further heat-
ing of either aqueous PNIPAM solutions29,30,83 or hy-
drogels30 induces partial vitrification of the formed
PNIPAM-rich phase, which can be seen as a drop in cp

app

below cp
base (indicated by the tilted arrows in Figure 2)

near that temperature at which the LCST demixing
curve intersects with the Tg-composition curve. Hence,
combination of the lower LCST demixing curve together
with the higher position of the Tg-composition curve
(depending on the amount of salt added) causes the
vitrification of the PNIPAM-rich phase during phase
separation to occur at both lower temperature and lower
PNIPAM concentration (indicated by the square in
Figure 4b). The former observation (i.e., lower temper-
ature) is nicely illustrated in Figure 2, since the drop
in cp

app below cp
base (Figure 2, dashed line) happens at

lower temperature as the molar salt concentration
increases. At much higher temperatures, near the glass
transition temperature of the polymer-rich phase (ca.
140 °C), cp

app again increases toward the extrapolated
experimental cp

base (not shown). The second observation
(i.e., lower PNIPAM concentration), on the other hand,
explains why each demixing curve from Figure 4 ends
at a different polymer concentration; i.e., no phase
separation can be observed for those mixtures having
an amount of PNIPAM exceeding the PNIPAM/water
composition at which the LCST demixing curve meets
the Tg-composition curve. These structural changes
within the sample cannot be observed using OM since

Figure 3. Concentration dependence of Ks for PNIPAM/water
with 0.173 M NaCl, according to eq 1. Inset: Tdemix vs molar
salt concentration for a 10/90 (O) and a 30/70 (0) PNIPAM/
water mixture.

Tdemix ) Tdemix
0 - KSCS (1)

Figure 4. State diagram of PNIPAM/water with varying
amounts of NaCl: (a) demixing curves with MTDSC (], O, 0,
4) and OM ([, b, 9, 2); dashed lines are a guide to the eye;
(b) demixing curves for 0 M (]) and 0.173 M (O), and Tg-
composition curve for 0 M (+) and 0.173 M (×, width ∆Tg: I),
all determined with MTDSC. Square indicates intersection
LCST demixing curve with Tg-composition curve for 0.173 M
NaCl.
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the (normalized) light transmittance immediately drops
to zero at the cloud point temperature. The shift in both
Tdemix and Tg will determine the shape of the demixing
endotherm, which in general becomes wider when salt
is added (Figure 2), in agreement with the enlarged
temperature interval wherein compositional changes
must occur according to the LCST demixing curve
(Figure 4).53,57

Integration of the endothermic heat effect (by ex-
trapolating the baseline of the total heat flow signal)
yields the demixing enthalpy, which is mainly governed
by the destruction of hydrogen bonds between the
polymer and the surrounding water molecules. This
composition-dependent heat effect hardly depends on
the amount of NaCl added, when evaluating less
concentrated mixtures, i.e., e30 wt % PNIPAM (Figure
5). However, at higher polymer concentration the ob-
served endothermicity rapidly diminishes, since in that
region the added salt displays the largest perturbation
strength.

The superior water-structuring capability of salt,
which was already elucidated via the increase in glass
transition temperature, can also be investigated using
HR-US, since the compressibility difference between
bound and free water causes a dramatic change in the
ultrasonic velocity value.83,84,90 Figure 6a shows the
evolution of the difference ultrasonic velocity upon
heating a 5/95 PNIPAM/water mixture in the presence
(upper curve) and absence (lower curve) of salt. Note
that in order to analyze the details of the transition,
the contribution of pure water was subtracted, and the
difference in velocity is used instead of the absolute
value. This kind of evaluation has already been exten-
sively elaborated in previous work.83,84 Figure 6a clearly
illustrates that the (difference) ultrasonic velocity value
substantially increases upon adding salt, which points
to a larger amount of bound water in the ternary
mixture, consequently illustrating the superior water-
structuring capacity of salt (within the entire temper-
ature interval). Furthermore, a nearly stepwise change
at a certain temperature is noticed, caused by the phase
separation process that reflects the variation in the
hydration structure around the polymer chains and in
the compressibility of the formed polymer aggregates.
Indeed, below the demixing temperature the molecular
structure of PNIPAM in water exhibits predominantly

intermolecular hydrogen bonding (amide-water), while
above Tdemix the intrachain hydrogen bonding (amide-
amide) and hydrophobic interactions dominate. As a
result, the amount of free water will considerably
augment during the demixing process, which causes a
significant decrease in the ultrasonic velocity since free
water is typically more compressible than bound wa-
ter.90 Figure 6a again demonstrates that the addition
of NaCl lowers Tdemix, in agreement with the previously
discussed results from OM (Figure 1) and MTDSC
(Figure 2).

The ultrasonic attenuation signal (Figure 6b) that is
related to the scattering of ultrasonic waves within the
sample reflects the ongoing morphology changes during
phase separation.83-85 Below Tdemix a rather constant
attenuation level is generally observed, which is repre-
sentative for the (entangled) polymer coils in the aque-
ous solution. This ultrasonic attenuation value of the
homogeneous mixture is hardly influenced by the pres-
ence of salt. Once demixing sets in the attenuation
sharply increases due to the scattering of ultrasonic
waves that results from the aggregation of the collapsed
PNIPAM chains. At somewhat higher temperature the
attenuation tends to level off, which coincides with the
onset of partial vitrification of the PNIPAM-rich phase
during phase separation, in agreement with the tem-
perature at which cp

app drops below cp
base when using

MTDSC (Figure 2). Note that the leveling off gets less
pronounced for the salt-containing mixture due to a
higher degree of aggregation (see later). Nonetheless,
the evolution with temperature of both the ultrasonic
velocity and attenuation reflects the ongoing composi-
tional changes governed by the PNIPAM/water state
diagram (Figure 4b).

On the basis of Figure 6, the almost stepwise change
in both velocity and attenuation can be evaluated. These
stepwise changes (∆), denoted as ∆ ultrasonic velocity

Figure 5. Demixing enthalpy (per gram of solution) as a
function of concentration for PNIPAM/water with varying
amounts of NaCl: 0 M (]), 0.173 M (O), 0.349 M (0), and 0.524
M (4). Dashed lines are a guide to the eye.

Figure 6. Difference ultrasonic velocity (a) and ultrasonic
attenuation (b) during nonisothermal demixing of 5/95 PNIPAM/
water with varying amounts of NaCl: 0 and 0.349 M. Lines
are a guide to the eye.
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and ∆ ultrasonic attenuation, are to a large extent due
to the formed PNIPAM-rich phase, illustrating the
compositional changes in the sample that occur between
Tdemix and the temperature at which the LCST demixing
curve intersects with the Tg-composition curve. ∆
ultrasonic velocity is related to the change in compress-
ibility caused by the release of water molecules previ-
ously surrounding the polymer chains, while ∆ ultra-
sonic attenuation is related to energy losses caused by
aggregation. The more and/or the larger the aggregates
formed, the larger the stepwise changes expected. This
is confirmed in Figure 7 since both quantities show an
almost linear evolution with the fraction of the PNIPAM-
rich phase formed (lever rule applied on the LCST curve
of Figure 4b, starting from a homogeneous solution). The
addition of salt considerably reduces the amount of
structured water layers adjacent to the polymer chains,
which accordingly causes a smaller (stepwise) change
in the (difference) ultrasonic velocity and a larger
increase in the ultrasonic attenuation as hydrophobic
associations are promoted (Figure 7, compare O with
b). Note that, once vitrification occurs, the PNIPAM-
rich phase is determined by the Tg-composition curve
(and no longer by the LCST demixing curve), which
generates smaller compositional changes and conse-
quently less variation in the ultrasonic parameters (not
included in Figure 7).

To verify the effect of different anions and cations on
the demixing properties of aqueous polymer solutions,
other ternary mixtures were investigated. Figure 8
shows that changing the cation (Na+ f Ca2+) hardly
influences the variation in phase separation tempera-
ture, while changing the anion (Cl- f SO4

2-) induces a
much larger decrease of Tdemix. These observations are
in nice agreement with the ion positioning in the
Hofmeister series (Table 1).59

Influence of Salt on the Phase Behavior of
PVME/Water. We also studied the influence of salt on

the water solubility of PVME (Figure 9) for which,
unlike PNIPAM, vitrification does not interfere with the
phase separation process because the Tg-composition
curve is situated well below the LCST demixing curve.
Moreover, the PVME/water system shows a bimodal
(type III) LCST partial miscibility behavior (Figure 10a,
]), which consists of two lower two-phase areas sepa-
rated from one upper two-phase area by a three-liquid-
phase coexistence line at constant temperature.31,32,34,35,84

Consequently, the PVME/water system displays two
stable liquid-liquid critical points: one which obeys the
classical Flory-Huggins theory, i.e., it decreases with
increasing polymer molar mass and a second one (at
high PVME concentration), which is nearly molar mass
independent. Accordingly, the demixing process of PVME/
water consists of two distinct steps,31,32,84 as can be
observed by HR-US and MTDSC, indicated by the
vertical lines in Figure 9. That is to say, the initial
stages of phase separation, above Tdemix, are followed
by large compositional changes upon passing the tem-

Figure 7. Concentration dependence of variation of ultrasonic
properties (near Tdemix) for PNIPAM/water with varying amounts
of NaCl: 0 M (O) and 0.173 M (b).

Figure 8. State diagram of PNIPAM/water with different
salts: demixing curve from MTDSC for 0 M (]) and 0.173 M
(O) NaCl, 0.173 M CaCl2 (0), and 0.173 M Na2SO4 (4). Dashed
lines are a guide to the eye.

Figure 9. Nonisothermal demixing of 5/95 PVME/water with
varying amounts of NaCl (0 and 0.173 M): difference ultra-
sonic velocity (b) and cp

app (O, curves are shifted vertically for
clarity).
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perature at the three-phase equilibrium (T3-phase). This
two-step process cannot be seen using OM, since the
normalized light transmittance immediately drops to
zero at Tdemix when studying nondilute mixtures (g3 wt
% PVME). This is caused by the level of aggregation,
making it impossible to detect additional structural
changes (e.g., T3-phase).

Figure 9 also illustrates that the addition of NaCl
lowers the demixing temperature. Moreover, the ob-
served transition region in both the difference ultrasonic
velocity (HR-US, b) and the apparent specific heat
capacity (MTDSC, O) becomes wider, indicating that the
temperature interval in which compositional changes
occur enlarges. This observation corresponds to the more
asymmetric shape of the bimodal LCST demixing curve,
independently of the experimental technique used (Fig-
ure 10a, O, and Figure 10b). The temperature at the
three-phase equilibrium is also lowered (by ca. 3 °C),
although in a different manner, depending on the initial
PVME concentration.89 This probably relates to the fact
that the invariant three-phase equilibrium at constant
temperature, occurring in the strictly binary system,
needs to be treated as a three-phase region when a third
component (e.g., NaCl) is added. Hence, the initial
composition will determine at which temperature three
phases coexist, in agreement with other experimental
work.43,91 Furthermore, the stepwise change in both
ultrasonic signals (during phase separation) is affected
as well, resembling the observations made for the
PNIPAM/water system (Figure 7); i.e., the presence of
salt causes a diminution of ∆ ultrasonic velocity, whereas
∆ ultrasonic attenuation becomes larger. Note that the
concentration range studied by HR-US (Figure 10b, 0
and s) is limited to solutions with less than 30 wt %
PVME, since more concentrated solutions exhibit sedi-
mentation, causing a simultaneous decrease in both the

velocity and the attenuation. This could not be avoided
when stirring was applied.

Influence of Surfactant on the Phase Behavior
of PNIPAM/Water. As already mentioned in the
introductory part, surfactants are often used to stabilize
aqueous dispersions of hydrophobic solutes. Therefore,
the addition of surfactants will undoubtedly change the
solution behavior of the polymers under investigation,
which was previously thoroughly elaborated for dilute
polymer solutions, usually using sodium dodecyl sulfate
(SDS) as a surfactant.63-67 These studies revealed that
the SDS molecules adsorb onto the PNIPAM chains,
which, due to electrostatic repulsion, consequently
results in an increase of polymer dimensions.68 Hence,
the scattering ability of the supplementary swollen
(entangled) PNIPAM coils will increase, causing a larger
ultrasonic attenuation value in the homogeneous region
(Figure 11b, compare O with b). This observation holds
for each composition. In contrast, the addition of salt
hardly influences the ultrasonic attenuation below Tdemix
(Figure 6b), suggesting that both types of additives
dissimilarly affect the polymer-water hydration struc-
ture. That is to say, salt ions primarily disrupt the
configuration of water molecules, whereas the surfac-

Figure 10. Demixing curves of PVME/water with varying
amounts of NaCl: (a) with MTDSC (], O); (b) with MTDSC
(O), OM (b) and HR-US (0), together with T3-phase from
MTDSC (×) and HR-US (s). Dashed lines are a guide to the
eye.

Figure 11. Nonisothermal demixing of 10/90 PNIPAM/water
with varying amounts of SDS (0 and 0.035 M): (a) difference
ultrasonic velocity, (b) ultrasonic attenuation, and (c) cp

app.
Lines are a guide to the eye.
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tant used interacts with the polymer itself.
Nevertheless, the increased solubilization of the

polymer chains causes an elevation of the phase separa-
tion temperature upon heating,72-75 which nicely cor-
responds using either HR-US or MTDSC (Figure 11,
vertical dashed lines). However, in contrast with the
previously described salt effect, the (difference) ultra-
sonic velocity decreases when adding SDS, indicating a
lower amount of bound water within the ternary mix-
ture. As a result, the stepwise change in the difference
ultrasonic velocity at Tdemix becomes smaller, reflecting
a reduced amount of released water molecules previ-
ously surrounding the PNIPAM chains. Hence, the
endothermic heat effect from MTDSC is expected to
become smaller, as confirmed in Figure 11c, since the
demixing enthalpy describes the amount of hydrogen
bonds broken. Note that the distribution of the heat
effect in a reversing (i.e., cp

app) and nonreversing
contribution remains virtually unchanged; i.e., the
largest part of the demixing enthalpy is still seen in the
apparent specific heat capacity signal. Furthermore, the
stepwise change in the ultrasonic attenuation, related
to energy losses caused by aggregation, is at least
halved, indicating a reduced level of chain association
due to repulsive electrostatic interactions between the
ionic heads of the adsorbed surfactant molecules.76-79

These observations become less pronounced at higher
polymer concentration, probably indicating that the
amount of SDS added does not suffice to obtain a
homogeneous distribution along the accessible polymer
chains.

Conclusions
High-resolution ultrasonic spectroscopy (HR-US) and

modulated temperature differential scanning calorim-
etry (MTDSC) have been successfully applied to study
the influence of additives on the LCST phase behavior
of aqueous polymer solutions for compositions spanning
the entire concentration range. The evolution of both
ultrasonic signals (i.e., velocity and attenuation, HR-
US) as well as the apparent heat capacity signal
(MTDSC) reflects the ongoing compositional changes
with temperature, governed by the specific shape (type
II or III) of the LCST demixing curve.

HR-US provides supplementary information (on a
molecular level) concerning the solute-solute and water-
solute interactions in the temperature region studied.
The addition of salt generates a substantial increase of
the ultrasonic velocity, signifying a considerable ampli-
fication of the amount of bound water. Moreover, the
ultrasonic attenuation value in the homogeneous region
remains unaffected, demonstrating that salt ions mainly
modify the solvent properties. The resulting reduced
polymer hydration structure increases the glass transi-
tion temperature of the homogeneous aqueous polymer
solution, again illustrating the superior water-structur-
ing capability of salt. Hence, the polymer-water inter-
actions become partially disrupted, causing a decrease
in demixing temperature both for aqueous solutions of
PNIPAM or PVME. This effect becomes more pro-
nounced at high polymer concentration, which results
in an asymmetric shape of the LCST demixing curve.
In addition, the amplified stepwise change in ultrasonic
attenuation in the temperature range where composi-
tional changes occur (heterogeneous region) reflects a
larger degree of polymer aggregation.

The addition of a surfactant, on the other hand,
results in an increase in demixing temperature together

with a larger ultrasonic attenuation value in the ho-
mogeneous region and a smaller variation of both
ultrasonic signals during phase separation. These ob-
servations result from the increased solubilization of the
polymer chains, combined with electrostatic repulsions
within the ternary mixture that limit the level of
polymer association.
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