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Abstract A High Resolution Ultrasonic Resonator is
applied to study demixing and remixing of poly(vinyl
methyl ether) (PVME)/water solutions. The observed vari-
ation in ultrasonic properties (i.e., velocity and attenuation)
is discussed in relation to microcalorimetry and Modulated
Temperature DSC results. Throughout the phase separation
process the ultrasonic velocity decreases due to the release
of water molecules from the polymer hydration structure,
while on the other hand the ultrasonic attenuation increases
once aggregation sets in. The overall evolution of both
ultrasonic signals is governed by the peculiar shape of the
bimodal LCST demixing curve of PVME/water. The tech-
nique gives reliable results up to 20 weight% PVME.

Keywords Poly(vinyl methyl ether) - Phase separation -
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Introduction

High Resolution Ultrasonic Spectroscopy (HR-US) is a
non-destructive analytical tool based on precision mea-
surements of properties of (low energy) ultrasonic waves
propagating through a sample. The produced oscillating
pressure causes mechanical deformation of the studied
material, i.e., compression in the ultrasonic wave changes
the intermolecular distances in the sample, to which the
molecules respond by intermolecular repulsions, causing

K. Van Durme - G. Van Assche - H. Rahier - B. Van Mele (D<)
Vrije Universiteit Brussel (VUB), Faculty of Engineering,
Physical Chemistry and Polymer Science — MACH\FYSC,
Pleinlaan 2, 1050 Brussels, Belgium

e-mail: bvmele@vub.ac.be

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 spec-
troscopy enables direct probing of the intermolecular for-
ces in the analyzed medium and thus the analysis of its
physical and chemical properties [1-4].

The propagation of ultrasonic waves is essentially
characterized by the velocity (U) and the attenuation. In
liquids, the former is related to the density p and the elastic
properties of the sample that can be expressed in terms of
adiabatic compressibility fis (Eq. 1).

1
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The velocity change that results from molecular rear-
rangements is mainly governed by variations in com-
pressibility [5, 6]. As a result, sound waves travel faster in
solids than they do in liquids and gases, because solids
contain the strongest molecular interactions (small com-
pressibility) followed by liquids and gases (larger com-
pressibility). The ultrasonic velocity is extremely sensitive
to intermolecular interactions, molecular organization and
composition of the analyzed medium [2, 3, 7-10]. The
ultrasonic attenuation originates from energy losses during
consecutive compressions and decompressions in ultra-
sonic waves. In a regular liquid, these energy losses can be
described by the mechanism of viscous damping and heat
conduction [11]. Additionally, in binary polymer solutions
showing critical solution behavior, the alternating adiabatic
compression and expansion of the fluid generate a change
in the local temperature and the pressure dependent critical
temperature. Due to the lagged response of the concen-
tration fluctuations energy is dissipated, adding up to the
ultrasonic attenuation value [12-14]. There exist several

U =

(1)
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theories, which describe the correlation between critical
fluctuations and the resulting excess ultrasonic attenuation,
either linked to a frequency-dependent complex heat
capacity or viscosity [15-17]. These theories have been
refined many times and will not be discussed in detail here.
Additionally, non-homogeneous samples may exhibit
scattering of the ultrasonic waves, which is a major factor
contributing to the attenuation value [2, 4]. In the long
wavelength limit (if particle size is much smaller than the
applied wavelength), two major scattering aspects can be
distinguished, i.e., viscoinertial and thermoelastic [18].

Ultrasonic characterization of various molecular prop-
erties, such as hydration, structural characterization of
colloid systems, molecular organization, composition
analysis, and crystallization was performed in the last
decades [18-28]. In most of these measurements, a pulse
(or an equivalent excitation) technique was used, of which
the resolution in measuring the ultrasonic parameters is
determined by the path length of the pulse and thus by the
size of the sample [23]. This limited the application of
ultrasonic spectroscopy to concentrated systems and to
molecular processes, which are accompanied by a large
change in ultrasonic parameters. Recently commercialized
High Resolution Ultrasonic Resonators, however, employ
novel principles, enabling deconvolution of the sample size
and thus enhancing the resolution of the acoustic mea-
surement [1, 2]. In this technique, a piezotransducer excites
the ultrasonic wave traveling through the sample toward
the second piezotransducer. Being reflected by the second
piezotransducer the wave comes back and is reflected
again. At certain frequencies a resonance occurs causing an
increase in the amplitude of the signal. The ultrasonic
parameters (i.e., velocity and attenuation) are calculated
based upon the resonance characteristics of which a more
elaborated discussion can be found in literature [1].

This work focuses on the potential applicability of HR-
US to study the phase behavior of poly(vinyl methyl ether)
(PVME) in water. PVME is a hydrophilic polymer that
separates from aqueous solution upon heating. The
observed demixing process results from small temperature-
dependent changes of inter- and intramolecular interac-
tions, i.e., a varying competition between hydrogen bond-
ing and hydrophobic interactions [29-31]. At low
temperatures, the accessible hydrophilic ether oxygens
stabilize the homogeneous aqueous solution. Hence, the
attained water-structure surrounding the polymer chains
prevents the hydrophobic groups from coming together
[32]. However, at elevated temperatures the ordered
hydration structure is destroyed, resulting in aggregation of
the polymer chains due to hydrophobic associations. This is
accompanied by an endothermic heat effect and a rising
opacity of the PVME/water solution [33-36]. The PVME/
water system is characterized by a type III LCST
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miscibility behavior that consists of a bimodal demixing
curve of which the critical concentrations show a different
molar mass dependence [33, 37, 38]. That is, the critical
concentration in the low concentration range shifts toward
lower temperature and concentration with increasing
polymer molar mass as expected from the classical Flory—
Huggins miscibility behavior, whereas the one at high
PVME concentration is nearly molar mass independent
[36]. The intersection of both two-phase areas defines an
invariant three-phase equilibrium at constant temperature.
A more general description of type III LCST demixing
behavior can be found in the work of Schéfer-Soenen et al.
[37].

Throughout this paper HR-US will be evaluated for
studying the phase behavior of PVME/water mixtures
nearly spanning the entire composition range. The HR-US
results will be compared with data obtained by microcal-
orimetry and Modulated Temperature Differential Scan-
ning Calorimetry (MTDSC). In both techniques, the heat
effect of both phase separation and remixing is used to
study the transformation. Microcalorimetry is commonly
used to study phase separation of dilute (aqueous) polymer
solutions (e.g., [39-41]), although studies over the full
concentration range are rare.

Through the simultaneous measurement of heat flow and
heat capacity, MTDSC is a powerful tool for the charac-
terization of demixing and remixing in polymer solutions
and partially miscible polymer blends [33, 42-44]. A
comprehensive description of the extraction of the heat
capacity and other MTDSC signals can be found in liter-
ature [45, 46]. In the study of polymeric materials using
MTDSC, kinetic thermal processes depending on time and
absolute temperature, appear in the non-reversing heat
flow, while the (specific) heat capacity appears in the
reversing heat flow. This straightforward deconvolution
procedure turns out to be valid for the study of many
reacting polymer systems [47]. However, it no longer holds
when characterizing polymer melting [48] or temperature-
induced phase separation in polymer solutions and blends
[33, 42—44]. Heat effects, coupled with melting/crystalli-
zation or mixing/demixing, occur during one modulation
cycle and thus contribute to the amplitude of the modulated
heat flow causing an excess contribution in the heat
capacity signal. By performing a time domain analysis of
the modulated heat flow [33, 43], the enthalpic origin of
cp ™ could be established, i.e., raising the temperature
within one modulation cycle causes an endothermic excess
heat effect (coupled with demixing), while cooling within
the same modulation cycle generates an equivalent exo-
thermic heat effect (coupled with remixing). Because of the
occurrence of this excess contribution, ¢;*“**, originating
from fast enthalpic (reversible) processes, the observed
specific heat capacity is termed apparent specific heat
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capacity, c2PP, to distinguish it from the baseline specific
pacity, ¢, g P

heat capacity, cp**°

__ .bas XCeSS
(T, 1) = ;" (T) + (T, 1) 2)

Cgase is (to a good approximation) only temperature-

dependent. ¢;"“** is temperature- and time-dependent and
changes with the progress of the transformation (slow
process). Indeed, the observed slow evolution in ¢, “***, and
thus ¢, can be linked to macroscopic morphological
changes reflecting the associated interphase development,
as already explored in previous work on aqueous polymer
systems [33, 42, 43]. In that case, the observed time
dependency was related to the diffusion of water molecules
inside the polymer aggregates together with the specific
interactions of these water molecules adjacent the polymer
chains until an equilibrium situation is reached. The
varying ¢, ““*-value reflects the varying sample fraction
participating in the exchange process at the polymer/water
interphase of the coexisting phases. Note that by choosing
the appropriate modulation conditions, i.e., amplitude and
period, the reversible demixing/remixing process at the
polymer/water interphase is fast enough to attain a fre-
quency-independent excess contribution in the apparent

heat capacity signal.

Experimental
Preparation of polymer/water solutions

PVME (dissolved in water, 50/50 wt/wt) was purchased
from Aldrich Chemical Company Inc. (weight average
molecular weight, My, = 20,000 g mol~' and polydisper-
sity, M /M,, ~2.5 derived from Gel Permeation Chroma-
tography). The polymer was dried under vacuum for at
least 48 h at 40 °C, until the water content was less than
0.2 wt% as determined by Thermo Gravimetric Analysis
(TA Instruments TGA 2950). The glass transition temper-
ature (T) of dried PVME equals —25 °C [49].

A range of compositions (wt/wt) was prepared, by
adding the appropriate amount of water to dried PVME,
after which the samples were stored in the refrigerator for
at least one month to obtain a homogeneous mixture.

High Resolution Ultrasonic Spectroscopy

High Resolution Ultrasonic Spectroscopy (HR-US) mea-
surements were performed on a HR-US 102 resonator
(Ultrasonic Scientific) fitted with two 1 mL cells. The
principles of the measurement of ultrasonic velocity and
attenuation, employed in this method, are described earlier
[1]. All experiments were done at selected frequencies (f):

7.5, 11.6 and 14.6 MHz. The cells were filled with 1 mL of
water (reference) and polymer/water solution, respectively.
The limiting resolution for the ultrasonic velocity
is 0.2 mm s~ and 0.2% for the ultrasonic attenuation.
Non-isothermal experiments were carried out at standard
heating/cooling rates of 0.2 °C min~'. The demixing
temperature upon heating was determined using a threshold
value of 0.01 ms™', defined against the extrapolated
experimental ultrasonic velocity of the homogeneous
sample.

Microcalorimetry

Microcalorimetry measurements were performed on a
Thermal Activity Monitor TAM-III (Thermometric, Swe-
den) with 6 Minicalorimeters (type 3206, 4 mL) in a
Multicalorimetric unit (type 3208) positioned in an access
bay of the TAM III Thermostat (type 3101). Non-isother-
mal experiments were performed at a heating rate of
2°C h™! between 20 and 60 °C after stabilizing for one
day at 20 °C. Since the scanning rate is very low, the
sample can be considered to be in virtual thermal, chemi-
cal, and physical equilibrium during the measurement. The
sample heat flow is obtained by subtracting the response
measured for empty glass ampoules from the response of
the sample (measured in the same minicalorimeter). It can
be expressed as a heat capacity by division through the
heating rate. A heat capacity calibration was performed
using Millipore Milli-Q water as a calibrant.

The demixing temperature upon heating was obtained
using a threshold value of 0.05J g ' K™' against the
extrapolated experimental baseline heat capacity, obtained
by fitting a second order polynomial versus temperature
over a temperature interval of at least 10 °C (correlation
coefficients larger than 0.998).

Modulated Temperature Differential Scanning
Calorimetry

Modulated Temperature Differential Scanning Calorimetry
(MTDSC) measurements were performed on a TA Instru-
ments 2920 DSC with the MDSC™ option and a refrig-
erated cooling system (RCS). Helium was used as a purge
gas (25 mL min_l). Indium and cyclohexane were used for
temperature calibration. The former was also used for
enthalpy calibration. Heat capacity calibration was per-
formed using Millipore Milli-Q water, at 20 °C. Data
are expressed as specific heat capacities (or changes) in
Jg 'K

Samples of 1-5 mg were introduced in Mettler alumi-
num pans that were subsequently hermetically sealed. Non-
isothermal experiments were performed at an underlying
heating/cooling rate of 0.2 °C min~ . Standard modulation
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conditions were an amplitude of 0.50 °C with a period of
60 s. The demixing temperature upon heating was obtained
using the same procedure as for the TAM measurements.
At higher temperatures the apparent heat capacity becomes
time-dependent (see introduction), illustrating the ongoing
phase separation process.

Light Scattering

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
10x) equipped with a photo detector (most sensitive at a
wavelength of 615 nm). Temperature calibration was done
with benzophenone. All samples were heated (and cooled)
at 0.2 °C min~"'. 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.

Results and discussion

The ability for studying the phase behavior of PVME/water
solutions using a High Resolution Ultrasonic Resonator is
explored, and the ultrasonic data are discussed in relation
to results from Microcalorimetry, Modulated Temperature
DSC, and Light Scattering.

Non-isothermal demixing

Figure 1 shows the temperature-dependence of the ultra-
sonic velocity in pure water and in an aqueous PVME
solution. In a regular liquid the speed of sound decreases
with temperature, but in water it increases (Fig. 1, filled
circle) up to 74 °C, demonstrating its atypical behavior
[50]. The observed increase of the velocity of water with
temperature is related to a change in its unique structure.
That is, at low temperatures both compressibility and
density are high, causing a low speed of sound (see Eq. 1).
As the temperature increases the compressibility decreases
and goes through a minimum at 46 °C, while the density
goes through a maximum at 4 °C [51]. The combination of
both properties leads to the anomalous maximum in the
speed of sound [52].

In Fig. 1, a similar increase of the ultrasonic velocity is
noticed upon heating a 1/99 PVME/water mixture (open
circle), although the absolute value is higher. This results
from the lower compressibility of the polymer/water mix-
ture with respect to pure water. Shinyashiki et al. revealed,
by dielectric studies, that the mobility of water molecules
near PVME chains is highly reduced as they are
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Fig. 1 Ultrasonic velocity of water (filled circle) and of 1/99 PVME/
water (open circle) upon heating

incorporated in the polymer hydration sheath [53-55]. The
resulting restricted mobility consequently causes a sub-
stantial decrease in compressibility and thus a higher
ultrasonic velocity.

At a certain temperature (ca. 33.5 °C), a gradual devi-
ation is noticed, caused by the phase separation process,
which reflects the change in polymer hydration structure
and in the compressibility of the formed polymer aggre-
gates. Below the demixing temperature (7 yemix) the PVME/
water mixture exhibits predominantly intermolecular
hydrogen bonding, while above Ty.mix hydrophobic inter-
actions dominate [35]. As a result, the amount of free water
will considerably augment during the demixing process.
Since free water is typically more compressible than bound
water [25, 26] one expects the ultrasonic velocity to
decrease at Tyemix (Fig. 1, open circle). In the following
discussion, the contribution of pure water will be sub-
tracted and the difference in velocity (Usample — Uwater) 18
used in order to analyze the details of the transition
(Fig. 2a). By doing so, one can observe that the demixing
process consists of two distinct steps, indicated by the
vertical lines in Fig. 2. This observation is in agreement
with the bimodal shape of the LCST demixing curve, i.e.,
the initial stages of phase separation above Tyenmix (vertical
line at ca. 33.5 °C) are followed by large compositional
changes upon passing the temperature at the three-phase
equilibrium (73 pnase) (vertical line at ca. 36.5 °C) [33, 37,
38, 56]. These two steps are also noticed in the ultrasonic
attenuation signal (Fig. 2b) that is related to the scattering
of ultrasonic waves within the sample, thus reflecting
morphology changes during phase separation [4, 7]. Below
T4emix a fairly constant attenuation level is usually
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Fig. 2 Non-isothermal demixing of 1/99 PVME/water: a difference
ultrasonic velocity (HR-US), b ultrasonic attenuation (HR-US), ¢
normalized light transmittance (LS), d microcalorimetric heat flow
(TAM 11I), and e apparent specific heat capacity (MTDSC). Dashed
lines are a guide to the eye

observed, representative for the swollen (entangled) poly-
mer coils in the aqueous solution. As soon as demixing sets
in the attenuation starts to increase due to the scattering of
ultrasonic waves through aggregation of the collapsed
PVME chains [57]. At T3_phase, the attenuation additionally
increases caused by an abrupt change in composition. At
higher temperatures (near 38.5 °C) the attenuation levels
off and another nearly constant level is reached, which
seems reasonable as above T3 pp.se both final co-existing
phases are attained and no extra compositional changes
have to occur, governed by the state diagram.

The observed two-step process when demixing a PVME/
water solution (Figs. 2 and 3, open circle) relates to the
bimodal shape of the special type III LCST demixing
behavior. Hence, the largest variation in both ultrasonic
signals occurs upon passing the temperature at the three-
phase equilibrium, following the initial stages of phase
separation. Conversely, phase separation of any aqueous
PNIPAM solution can be described by a single transition
(Fig. 3, filled circle) reflecting the type II LCST demixing
curve and its interference with the T,-composition curve,
comprehensively elaborated in previous work [4, 43].

A rather good agreement is found between the start of
demixing (Fig. 2, vertical line at ca. 33.5 °C) using HR-
US, the decrease in the normalized light transmittance (LS:
Fig. 2¢), the initial deviation of the heat flow from the
baseline in microcalorimetry (1Cal: Fig. 2d), and the initial
deviation in the apparent specific heat capacity cp™
(MTDSC: Fig. 2e) from the baseline heat capacity. The
agreement is very good, especially when taking into
account that the measurements for these dilute solutions (1
wt% PVME), in a concentration range where the onset of
phase separation strongly depends on concentration, were
made on individually prepared solutions.

Note that when using MTDSC (with the standard
modulation conditions of 0.50 °C per 60 s) the total de-
mixing enthalpy is separated into two endothermic contri-
butions [33]. Usually, the largest part is found in the heat
capacity signal (and correspondingly in the reversing heat

Tdcmix

-1

Difference ultrasonic velocity/m s

! ! !
25 30 35 40 45

Temperature/°C
Fig. 3 Difference ultrasonic velocity during non-isothermal demix-
ing of 1/99 PVME/water (open circle) and PNIPAM/water (filled

circle) [4], curves are shifted vertically for clarity. Lines are a guide to
the eye
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flow), whereas the non-reversing heat flow contains the
remaining part. Hence, the former signal is termed apparent
(cp’®) to distinguish it from the baseline specific heat
capacity, cp®*°. The apparent specific heat capacity displays
a broad peak that is characteristic for a type III LCST
demixing behavior. A very similar peak is observed by
microcalorimetry. At first, the sample is heated through a
two-phase region, which is seen as a shoulder prior to a
large peak, having a maximum at ca. 37 °C and caused by
passing the three-phase equilibrium. On the other hand, in
MTDSC a sharp (single) transition is seen in the non-
reversing heat flow (not shown), occurring just before the
maximum of the large peak in cp*”. The onset temperature
of the heat effect in the non-reversing heat flow (MTDSC),
the peak maximum in ¢y’ (MTDSC), or the peak maxi-
mum in ¢, (microcalorimeter) can thus be used to deter-
mine the invariant three-phase equilibrium [33].

The temperature at the three-phase equilibrium (Fig. 2,
vertical line at ca. 36.5 °C) is also in good agreement for
the different analytical techniques, although usually it
cannot be deduced from LS. Generally, the normalized
light transmittance immediately drops to zero at Tgemix
when studying more concentrated mixtures (>3 wt%
PVME) due to a high level of aggregation, making it
impossible to detect additional morphological or structural
changes.

The effect of concentration on the ultrasonic (HR-US)
data will be explained in following section, consequently
leading to the construction of a state diagram.

State diagram of PVME/water

The evolution of the difference ultrasonic velocity (Fig. 4a)
as well as the ultrasonic attenuation (Fig. 4b) is quite
similar for every composition and is a reflection of the
PVME/water state diagram (Fig. 5). The compositional
changes in a PVME/water sample gradually start at Tgemix
and considerably enlarge at T3 pp.e up to ca. 38.5 °C,
describing the formation of both a water- and PVME-rich
phase (following the LCST demixing curve). The disen-
tanglement of this two-step process is best noticed for a 10/
90 PVME/water mixture (Fig. 4, filled circle), which seems
quite logical as this composition is situated near the min-
imum of the two-phase area at low PVME concentration
(Fig. 5).

In deriving the state diagram, the difference velocity
was preferred over the attenuation, because the former
contains less noise. Nevertheless, similar results can be
obtained, since the temperature at which both signals
deviate from their respective baseline differs less than
0.2 °C. When using an appropriate baseline and threshold
value for each technique for the determination of the phase
separation temperatures, microcalorimetry, MTDSC, and
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Fig. 4 Non-isothermal demixing of PVME/water for different com-
positions: a difference ultrasonic velocity, curves are shifted verti-
cally for clarity; b ultrasonic attenuation (f = 7.5 MHz). Lines are a
guide to the eye

LS give similar results, as well as HR-US (Fig. 5b, open
square). On the other hand, the temperature at the three-
phase equilibrium from MTDSC (Fig. 5a, diamond) and
HR-US (Fig. 5b, dash) correspond within 1 °C.

Note that for solutions containing more than 60 wt%
PVME no reproducible results with HR-US could be
obtained; therefore these results were not included in the
state diagram (Fig. 5b). This concentration limit depends
on the algorithm used in following the change in ultrasonic
parameters with temperature.

The shape of the state diagram in Fig. 5 differs some-
what from the state diagram presented in previous work
[33]. These differences originate mainly from the use of a
quadratic (instead of a linear) extrapolated baseline heat
capacity for performing the threshold evaluation to deter-
mine the onset temperature of phase separation. Especially
in the concentration range of 20-40 wt% PVME, this
results in a slightly higher phase separation temperature, as
illustrated in Fig. 6a for the MTDSC results. However,
more important is that for the different solutions similar
shapes of the phase separation event are observed by
microcalorimetry and MTDSC: a stepwise onset of phase
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Fig. 5 State diagram of PVME/water: a demixing temperatures from
microcalorimetry (filled circle), MTDSC (open circle), and LS (X);
temperature at the three-phase equilibrium with microcalorimetry
(filled triangle), MTDSC (onset non-reversing heat flow: diamond,
max ¢ open triangle); b demixing temperatures from HR-US (open
square); temperature at the three-phase equilibrium with HR-US
(dash). Gray lines are the same in (a) and (b) and serve as a guide to
the eye

separation followed by an increase to the maximum at
higher temperature for 6.5/93.5 and 70/30, compositions
close to the minima in the demixing curve, compared to a
sharper onset of the main peak for 20/80 and 40/60, com-
positions closer to the region where the left and right lobe
of the demixing curve meet. The similarity of the heat
capacity evolution from microcalorimetry and the apparent
heat capacity from MTDSC, measured in quite different
experimental conditions (heating rate, presence modula-
tion), indicates that the initial shape of the curve is dictated
by thermodynamics (i.e., the bimodal state diagram with a
three phase equilibrium) rather than a result of kinetic
effects.

Concentration-, temperature- and frequency-
dependence of ultrasonic properties

During phase separation the hydrated polymer coils col-
lapse and aggregate, altering the ultrasonic properties of
the PVME/water system. Based upon Fig. 4, the overall
stepwise change between Tg.nmix and 38.5 °C, in both
velocity and attenuation can be determined. These stepwise
changes (delta), denoted as delta ultrasonic velocity
(Fig. 7, open circle) and delta ultrasonic attenuation
(Fig. 7, filled circle), describe the degree of phase
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Fig. 6 Non-isothermal demixing of PVME/water for different com-
positions: a apparent specific heat capacity cyf* from MTDSC and
b specific heat capacity ¢, from microcalorimetry. Demixing
temperatures from microcalorimetry (filled circle) and MTDSC (open
circle) calculated using a quadratic baseline (- - -); and from MTDSC
(open triangle) using a linear baseline (threshold in all cases
0057 g "K™

separation. (Delta) Ultrasonic velocity is related to the
change in compressibility, resulting from the release of
water molecules from the hydration structure surrounding
the polymer chains, while delta ultrasonic attenuation is
related to energy losses by scattering of the ultrasonic
waves. The more and/or the larger the aggregates formed,
the larger the stepwise changes expected. This is confirmed
in Fig. 7. Both quantities show an almost linear evolution
with the amount of PVME in the sample. However, as the
attenuation data show a lot of scatter for concentrations
above 30 wt%, the most relevant information for the state
diagram is obtained below 30 wt% PVME using HR-US.
As less accurate information is obtained for higher con-
centrations, these data were not included in the graphs. The
relative change in the difference ultrasonic velocity (up to
80% of the initial homogeneous value) is smaller than that
in the ultrasonic attenuation (up to 500% of the initial
homogeneous value), indicating that the attenuation might
be more sensitive for studying phase separation. Note that
these relative changes in both ultrasonic signals are con-
siderably larger than for the PNIPAM/water system (50 and
300%, respectively) that was previously studied [4]. This
dissimilarity can be understood when considering the dif-
ferent types of LCST demixing. That is, the shape of the
type II LCST demixing curve in combination with the
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Fig. 7 Concentration-dependence of ultrasonic properties for PVME/
water (f = 7.5-8.5 MHz): delta Ultrasonic velocity (open circle) and
delta Ultrasonic attenuation (filled circle), at 35 °C

interference of vitrification during phase separation, limits
the degree of polymer aggregation within the PNIPAM/
water mixture. Hence, the arrested change in composition
results in a vitrified PNIPAM-rich phase, which still con-
tains ca. 30 wt% of water at 38.5 °C, whereas in the case of
PVME/water a highly concentrated PVME-rich phase is
formed (containing less than 4 wt% of water), without
interference of vitrification during LCST demixing.

The ultrasonic velocity is normally frequency-indepen-
dent [1, 4], while the attenuation depends on the applied
frequency. Figure 8 illustrates that with increasing fre-
quency, the ultrasonic attenuation in the homogeneous
region enlarges and the change at Ty.n,ix becomes bigger.
This frequency-dependence can be exploited to envision
weak transitions, as is often the case when dealing with
dilute aqueous polymer solutions. Note that the present
analysis of the ultrasonic attenuation does not allow iden-
tifying a possible contribution from concentration fluctua-
tions near the phase separation region due to the limited
number of frequencies investigated. In order to clarify this
issue a more elaborated frequency study is needed as was
demonstrated for poly(ethylene glycol)/poly(propylene
glycol) blends [14, 58]. This is, however, beyond the scope
of this work.

Non-isothermal remixing
The investigated PVME/water mixtures phase separate

upon heating and consequently they are expected to remix
during cooling. When performing a heating/cooling cycle
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Fig. 8 Ultrasonic attenuation during non-isothermal demixing of 5/
95 PVME/water for different frequencies (f = 7.5 and 14.6 MHz)

using HR-US, the ultrasonic attenuation curve shows some
small differences between heating (Fig. 9, open circle) and
cooling (Fig. 9, filled circle) in the temperature range 35—
45 °C, thus indicating some variation in morphology of the
aggregates upon demixing and remixing, respectively.
Nevertheless, a second heating/cooling cycle is just about
identical with the first one, indicating the complete
reversibility of the phase separation process. Note that such
examination was more difficult to perform with concen-
trated mixtures (i.e., with concentrations >30 wt%
PVME), as the level of aggregation sometimes led to
sedimentation causing a simultaneous decrease in both the
velocity and the attenuation. Additionally, using MTDSC,
a much smaller contribution is found in ¢z’ (Fig. 10, thin
curves) as compared to the one upon heating (Fig. 10, thick
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Fig. 9 Ultrasonic attenuation during non-isothermal demixing (open
circle) and remixing (filled circle) of 3/97 PVME/water
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Fig. 10 Non-isothermal demixing and remixing of PVME/water for
different compositions: apparent specific heat capacity (MTDSC)
during demixing (heating: thick) and remixing (cooling: thin), curves
are shifted vertically for clarity

curves), even though the total remixing enthalpy upon
cooling nearly equals the total demixing enthalpy. The
smaller contribution in c;** indicates that the characteristic
time scale for remixing is longer in relation to the modu-
lation period, i.e., the remixing process is slower than the
preceding demixing [33]. As a result, the contribution of
the remixing enthalpy in the non-reversing heat flow
amounts up to 80% of the total heat flow and is as such
significantly larger than during demixing. Hence, both
techniques illustrate that for the PVME/water system the
remixing upon cooling is (somewhat) slower than the de-
mixing upon heating. These kinetic observations are most
obvious for MTDSC because of its ability to measure at
higher concentrations and because the balance between the
separation in reversing and non-reversing contributions is
very sensitive to the kinetics of the observed
transformations.

Conclusions

A High Resolution Ultrasonic Resonator technique was
successfully applied to study the demixing and remixing
behavior of aqueous poly(vinyl methyl ether) solutions.
The phase separation process causes the hydration structure
surrounding the polymer chains to become gradually
destroyed, which results in hydrophobic association and
aggregate formation. This is seen as a decrease in the
(difference) ultrasonic velocity along with an increase in
the ultrasonic attenuation. The overall evolution of both
ultrasonic signals reflects the ongoing compositional

changes within the sample, governed by the atypical shape
of the bimodal LCST demixing curve. In order to deter-
mine the demixing temperature of each composition, the
(difference) ultrasonic velocity was preferred because it
displays a superior signal-to-noise ratio. The invariant
three-phase equilibrium could also be determined using
HR-US as it causes an (additional) abrupt stepwise change
in both ultrasonic signals. The HR-US data are most rele-
vant below 30 wt% PVME as sedimentation sometimes
interferes at higher concentrations.

Furthermore, HR-US provides valuable kinetic infor-
mation on the phase transformations involved: the
observed differences upon heating and cooling indicate that
the remixing process is (somewhat) slower than the pre-
ceding demixing, as confirmed by MTDSC.
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