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ABSTRACT: We provide the first experimental evidence for the existence of a low concentration narrow
UCST miscibility gap, which is the second of two narrow miscibility gaps constituting together adjacent
UCST phase behavior. The existence of adjacent UCST miscibility phase behavior in aqueous polymer
solutions has been theoretically predicted, but so far escaped experimental verification.We have been able to
determine the low concentration narrow UCST miscibility gaps from the changes in apparent heat capacity
observed in stepwise isothermal cooling modulated temperature differential scanning calorimetry (MTDSC)
experiments. Inwide-angle X-ray diffraction (WAXD) experiments it was unambiguously demonstrated that
the MTDSC heat capacity changes are not due to crystallization. Together with earlier experimental results
on the high concentration narrowUCSTmiscibility gap, the bimodal LCSTmiscibility gap and the sigmoidal
melting line of ice the experimental results reported in this work complete the full experimental verification of
the predicted complex phase behavior of aqueous solutions of PVME. As far as the authors are aware, this is
the first systemwhere adjacent UCST phase behavior is found. On the basis of the theoretical predictions the
observed phase behavior could be more general and other systems may exist where similar behavior can be
observed.

Introduction

In the earliest papers drawing attention to the peculiar bimodal
lower critical solution (LCST) phase behavior of aqueous PVME
solutions the influence of quench depth and viscoelasticity on the
phase separation process taking place upon entering the LCST
miscibility gapwas studied1-5LaterKoningsveld, Solc, Berghmans,
and co-workers showed that the bimodal phase behavior
was a true thermodynamic transition, fitting in a more generic
phenomenological framework for the phase behavior of polymer
solutions andmixtures.6 In particular it was shown that the phase
behavior of water-soluble polymers may deviate from our com-
mon understanding, embodied in the Flory-Huggins (FH)
theory.7,8 According to this latter theory, the occurrence of
miscibility gaps is dominated by the balance of the dispersive
interactions and the combinatorial entropy in such a way that
with increasing polymer chain length miscibility gaps become
more asymmetric and the liquid-liquid (LL) critical point moves
to lower polymer concentration. Moreover, in the limit of an
infinitely long polymer in solution, the LL critical point is located
at infinite dilution and the critical temperature coincides with the
Θ-temperature of the polymer/solvent system.9,10 Many but not
all polymer systems obey these principles and in particular
aqueous polymer solutions may deviate from them. For instance
aqueous solutions of poly(vinyl caprolactam) (PVCL)11,12 and
poly(2-isopropyl-2-oxazoline) (PIPOZ)13 show classic FHbehav-
ior as discussed above, but aqueous solutions of poly(N-iso-

propylacrylamide) (PNiPA) behave very differently.14,15 For this
polymer it has been shown experimentally that the critical composi-
tion does not vary significantly with molar mass (including the
repeating unit of the polymer, i.e. N-(isopropyl) propionamide
(NiPPA)) and is about equal to wPNiPA = 0.5.14,16 Another
remarkable result is obtained for poly(vinyl methyl ether)
(PVME) in water that shows bimodal phase behavior with the
LCSTmiscibility gap having 2 stable critical points: one changing
with molar mass as predicted by the FH theory and a second
critical point at high polymer concentrations that does not vary
significantly with polymer molar mass.6,15,17-20

The occurrence of LCST phase behavior in these aqueous
polymer solutions is not really surprising and is characteristic of
polymer solutions that exhibit hydrogen bonding21-23and nu-
merous experimental, theoretical and simulation studies concern-
ing the importance of hydrogen bond interactions for the
observed properties of this class of polymer systems are available.
(Modulated temperature) differential scanning calorimetry ((MT)-
DSC), infrared (IR), nuclear magnetic resonance (NMR), dielec-
tric, microwave and ultrasonic spectroscopy, scattering, and
diffraction methods are frequently used experimental techniques
to study the phase behavior of polymer solutions and the statics
and dynamics of the hydrogen bond interactions. Molecular
simulations methods were used to investigate the dynamics and
structure of hydrogen bonds in detail.24-28

It is also recurrently suggested that phase behavior of
these flexible synthetic polymers in solution has similarities to
the denaturation of proteins in which the hydration layer of the
protein plays an important role and numerous studies are

*Corresponding authors. E-mail: (G.V.A.) gvassche@vub.ac.be; (E.N.)
Erik.Nies@chem.kuleuven.be.



994 Macromolecules, Vol. 44, No. 4, 2011 Van Assche et al.

available on the hydration of synthetic polymers as a function of
molecular and thermodynamic parameters.

In the case of aqueous solutions of PVME the influence on the
phase behavior and the hydration of the polymer were investi-
gated as a function of temperature, pressure, type of solvent, sol-
ventmixtures, the addition of salts and different end groups.29-38

In several studies the hydration of PVME is interpreted in terms
of different types of water (free water, boundwater, and freezable
and nonfreezablewater) in phase-separated solutions as well as in
homogeneous solutions in the vicinity of the LCST miscibility
gap.39-47 Connected to this the existence of specific complexes
between PVME and water in solution has been suggested and
investigated.48-54 Also scattering techniques (in particular neu-
tron scattering) were used to characterize the interactions be-
tween water and the polymer.19,20,55

All these studies provide a wealth of detailed information but
did not succeed in explaining the precise relationship between the
hydrogen bonding and other molecular interactions and the
peculiar phase behavior.

Improved theoretical understanding of the peculiar bimodal
phase behavior of PVME/water was obtained by taking into
account the effects of hydrogen bonding interactions on the
thermodynamics of polymer solutions. Employing a lattice ver-
sion of the Wertheim theory for saturation interactions, the
bimodal LCST phase behavior and the dependence on molar
mass as seen in PVME/water was predicted (see Figure 1, dashed
line).20,56 More importantly, the bimodal LCST was not the only
intriguing theoretical prediction for the PVME/water phase
behavior. It was predicted that below the LCST miscibility gap,
the system should have two narrow adjacent UCST miscibility
gaps, depicted inFigure 1 by the solid curves.20 Finally, combined
with the standard thermodynamic model for the solid state of
water (ice) it was predicted that water should have a sigmoidal
melting line spanning the entire concentration range (seeFigure 1,
dash-dotted line).20,56

Stimulated by these theoretical results, dedicated experiments
were conducted to investigate these nontrivial predictions for the
PVME/water system. Using small angle neutron scattering (SANS)
the bimodal phase behavior was also observed in PVME20/
D2O.19,20 In addition the SANS experiments (1) provided the
direct experimental proof of the existence of a narrow UCST
spinodal at high polymer concentrations in agreement with the
theoretical predictions and (2) provided direct experimental
evidence that a true complex between water and polymer is not

formed in the conditions used in the experiment.20 The PVME20
sample used in these experiments is identical to the one used in
this work (see Experimental Section). Using MTDSC evidence
was provided of the existence of the bimodal LCST, and also of
the UCST gap at high polymer concentration for another PVME
sample in H2O (the PVME sample used in these experiments,
PVME4, had a number-average molar mass Mn = 4 kg mol-1

andMw/Mn= 1.10).56 The presence of the narrowUCST at high
polymer concentrations was supported (1) through quasi-iso-
thermal heat capacity measurements in stepwise cooling experi-
ments, in which the creation of coexisting phases in a
liquid-liquid phase separation introduces time-dependencies in
the apparent specific heat capacity, and (2) by accurate measure-
ments of the glass transition temperatures, which split in two
transitions after phase separation. From the latter results a
reasonably accurate estimate of the composition of the coexisting
phases was obtained, confirming the narrowness of the observed
UCST miscibility gap. Finally, in in situ FTIR and DSC experi-
ments the existence of the sigmoidally shaped melting line of
water was also confirmed for PVME4 and PVME20 in H2O

56,57

The above-mentioned experimental data on the phase behavior
of PVME20/(D2O orH2O) are collected in Figure 3b, where they
are brought together with the experimental results obtained in
this work.

So far, from all the theoretical predictions only the existence of
a narrow UCST gap at low polymer concentration was not yet
confirmed by experiment.

For the higher polymer concentrations (wPVME g 0.5) used in
the SANS, IR and DSC experiments, it was relatively easy to
study liquid mixtures even below the equilibrium liquid-solid
transition line of water. In aqueous PVME mixtures a typical
supercooling of ca. 25 K is needed to induce nucleation and
crystallization of water in DSC experiments at a cooling rate of
1 K/min. As a result of the sigmoidal melting line, the concen-
trated mixtures are close to their glass transition temperature at
these considerable supercoolings, so that nucleation and crystal-
lization rates are significantly decreased, making the study of
liquid mixtures below the equilibrium melting line possible.

For the lower polymer concentrations, the gap between the
melting line and the glass transition line is much larger and at a
supercooling of 25 K nucleation and crystallization proceed fast,
making it much more difficult to observe the phase behavior of
the liquid solutions at these sub ambient conditions. However,
based on the theoretical predictions and the actual temperature
range of the high concentrationUCST,wemayhope that also the
narrow low concentration UCST could be located at a smaller
supercooling, where the nucleation and crystallization rates are
sufficiently low so that that the liquid-liquid UCST miscibility
gap can still be observed under proper experimental conditions.

In this paper, we therefore study inmore detail the properties of
aqueous solutions of PVME for lower concentrations (wPVME <
0.5), at smaller supercoolings where nucleation and crystalliza-
tion rates for crystallization are sufficiently small, with the aim to
find evidence of the narrow low temperature UCST phase
behavior at low polymer concentrations.

Experimental Section

Materials. Poly(vinyl methyl ether) (PVME20) dissolved in
water (mass fraction PVME, wPVME=0.5) was purchased from
Aldrich Chemical Co. Inc. (mass average molar mass, Mw =
20 kg mol-1, determined from SANS;19 polydispersity,Mw/Mn =
2.5, derived from size exclusion chromatography).

A series of PVME/water solutions with varying polymer
concentration was obtained directly from the wPVME = 0.5
solution (as received from Aldrich) by adding the proper
amount of water. The concentration of all solutions was

Figure 1. Theoretically predicted temperature-composition (T*-φ2)
phase diagram of a model polymer solution including between sol-
vent-solvent and solvent-polymer association interactions as pre-
dicted by the lattice Wertheim perturbation theory. Predicted bimodal
LCST spinodal curve (dashed, ---), melting line of the solvent (dash-
dotted, - 3 -); adjacent UCST0s spinodals (solid, ;) and critical condi-
tions (9) (after ref 20). T* is the reduced temperature, and φ2 is the
volume fraction of polymer in the solution.
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controlled by thermogravimetric analysis (TA Instruments
TGA 2950).

Differential Scanning Calorimetry. The modulated tempera-
ture differential scanning calorimetry (MTDSC) measurements
were performed on a TA Instruments Q1000 T-zero DSC
equipped with a refrigerated cooling system (RCS-90) and a
nitrogen purge. In a Q1000 system, the underlying tempera-
ture and temperature amplitude are remarkably stable (within
(0.002 �C and (0.0001 �C, respectively, for 1000 min).

AT-zero-calibration procedure (typeT4)was performed. The
determination of the thermal capacitances and resistances com-
prises the measurement of the instrument baseline with empty
sensors, followed by ameasurement with sapphire disks directly
on sample and reference sensors. Subsequently indium is used
for fine-tuning the temperature and enthalpy calibration. No
additional calibration was performed for the heat capacity.

Standard temperature modulation conditions were employed
with amplitude AT of 0.50K and a period p of 60 s. Nonisother-
mal experiments were performed at an underlying heating rate
of 1K.min-1 unless stated otherwise. Stepwise quasi-isothermal
cooling experiments were performed starting from solutions
homogenized at 20 �C using steps of -3 K of at least 400 min
until phase separation or crystallization occurred. Subsequently
the sample is reheated at 1K/min to 20 �C. Samples of 1 to 10mg
were introduced in hermetic aluminum crucibles.

Wide-Angle X-ray Diffraction. Isothermal time-resolved
wide-angle X-ray diffraction (WAXD) experiments up to 180
min were carried out at the Dutch-Belgian beamline
(DUBBLE, BM26-B) of the European Synchrotron Radiation
Facility (ESRF, Grenoble, France).58 Data were collected using
an X-ray wavelength, λ, of 1.1 Å on a two-dimensional CCD-X-
ray digital camera, VHR (2657 � 3955 pixels) from Photonic
Science. The diffraction peaks of a HDPE secondary standard
and of a crystalline Si standard were used to calibrate scattering
angles. The image plate inclination angles were calibrated using
a crystalline Si standard and the 2D scattering data were
azimuthally integrated. The background scattering due to the
experimental setup and the sample holder was not subtracted as
we are only interested in the qualitative analysis, i.e. the absence
or presence of ice diffraction peaks. The samples were enclosed
in the same aluminum crucibles used for theDSCmeasurements
and placed in a Linkam hot stage for temperature control
between -30 and þ20 �C. During the isothermal measurement
2D diffraction patterns were accumulated and stored every 12 s
until crystallization was observed or up to the longest measure-
ment time.

WAXD experiments for longer isothermal times were col-
lected with a Bruker-AXS diffractometer using CuKR
(wavelength λ, of 1.54 Å) and equipped with a 2DCCDdetector
(SMART 6000) cooled to -57 �C to reduce background noise.
Scattering angles were calibrated using silver behenate.

Samples were contained in thin wall quartz capillaries
(diameter 0.5 mm and 1 mm, Glass, Germany) and 2D diffrac-
tion patterns were accumulated and stored every minute. In
these longer duration WAXD experiments the same tempera-
ture-time program was followed as in the isothermal MTDSC
experiments.

In both WAXD setups the sample to detector distance was
chosen to detect d-spacings in the range [4.0 Å - 1.9 Å] cover-
ing the 100 (d=3.897 Å), 002 (d=3.669 Å), 101 (d=3.440 Å),
102 (d=2.671 Å), 110 (d=2.489 Å), 103 (d=2.071 Å), 200 (d=
1.947 Å), 112 (d = 1.917 Å) and 201 (d = 1.883 Å) lattice
reflections of hexagonal ice.59

Results and Discussion

1.1. Nonisothermal Crystallization and Melting of Water.
The onset of crystallization was measured for a series of
aqueous PVME solutions by standard DSC at 1 K/min.
When cooling down a wPVME=0.30 mixture, for example,

crystallization of water starts near-25 �C (see Figure 2). By
comparison with the subsequent melting in heating, it can be
seen that a supercooling of ca. 25 K is needed to induce
nucleation and crystallization. The crystallization process
intrinsically goes hand-in-hand with a phase separation
between ice-crystals and a PVME-rich phase that subse-
quently vitrifies upon further cooling. Once nucleation has
occurred, the subsequent crystallization process is very
fast: it takes only a few seconds (ca. 10 s for a solution with
wPVME = 0.30). This type of crystallization behavior is
typically observed in nonisothermal experiments for poly-
mer solutions below wPVME = 0.40.

During heating a double or bimodal melting endotherm is
observed. The bimodal melting endotherms are quantita-
tively related to the shape of the sigmoidal shape of the
melting line that was predicted theoretically and observed
experimentally.20,56,57 The crystallization temperatures deter-
mined from the nonisothermal DSC experiments in the con-
centration range 0<wPVME<0.5 are shown inFigure 3a ([).
In Figure 3a we also show the experimental melting tempera-
tures (b) obtained from the nonisothermal DSC experiments.
In Figure 3b we compare the melting temperatures from this
work to the bimodal melting line (O) obtained by Loozen
et al.57 Excellent agreement between literature and our data is
seen.

The very fast crystallization of water at temperatures
around -20 to -25 �C upon cooling aqueous PVME solu-
tions withwPVME<0.5 complicates the study of the possible
low temperature UCST demixing for these solutions, which
is theoretically predicted to occur at similar temperatures as
the UCST at higher concentrations (see Figure 1). Indeed,
the glass transition based method used in56 to detect the low
temperature UCST at high concentration (wPVME > 0.5),
cannot be used to detect UCST-type phase separation in the
low polymer concentration region, as crystallization of water
occurs before the glass transition is reached. Therefore,
indications of the presence of UCST demixing where
searched for using quasi-isothermal heat capacity measure-
ments in stepwise cooling, a method also used previously to
detect the low temperature UCST at high concentrations.

1.2. UCST Demixing in PVME/Water at Low Tempera-
tures and Low Polymer Concentrations. MTDSC Results.
Quasi-isothermal heat capacity measurements in a stepwise
cooling experiment (steps -3 K) are illustrated in Figure 4
for a wPVME = 0.30 PVME20/water mixture. The measured
apparent specific heat capacity, cp

app, shows a gradual

Figure 2. Heat flow during nonisothermal cooling (thin dashed line)
and subsequent heating (thick solid line) of an aqueous PVME solution
with wPVME = 0.3 measured in the standard DSC mode. The crystal-
lization peak is not fully shown.
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increase of cp
appwith time at-21 �C, which can be attributed

to the development of an excess heat capacity contribution,
cp

excess, resulting from a slow phase separation process. In
fact, analysis of the cp

app data of the individual quasi-
isothermal sections shows that a statistically significant
positive slope is already observed at -18 �C. The presence
of an excess heat capacity resulting from (reversible) demix-
ing and remixing induced by the temperature modulation
was evidenced before in polymer-water solutions,18,56,60

hydrogels,61 and polymer blends.62,63 The gradual increase
in cp

excess can be attributed to a gradual increase in the
interfacial contact area between the coexisting phases.56,64

Unfortunately, the observed slow increase of cp
app does not

allow distinguishing between a nucleation and growth or
spinodal decomposition (plus coarsening) mechanism.

The occurrence of phase separation upon cooling is
further supported by the observation of remixing after
reheating from-21 toþ20 �C: at 20 �C cp

app starts at a level
above the value for the homogeneous solution, cp

base

(Figure 4, dashed line), and subsequently decreases toward
cp

base, as the cp
excess contribution gradually diminishes due to

the remixing of the sample. Both the phase separation
process at -21 �C and the remixing at 20 �C are slow and
similar to the time scales observed for phase separation at the
high concentration UCST.56 The absolute values of the
increase and decrease of cp

app at-21 and 20 �C, respectively,
are quite similar.Note that the observedmagnitude of cp

excess

during theUCSTphase separation is about 100 times smaller
than that observed in the LCST phase separation region,56

but nevertheless clearly significant. It cannot be attributed to
crystallization of water or vitrification, since both transfor-
mations would provoke a decrease of the specific heat
capacity.56 Moreover, the melting of ice is not observed
during the subsequent heating.

The temperature at which cp
app starts to increase with time

was taken as theUCST-demixing temperature upon cooling.
Similar patterns were observed for two other compositions,
namely, wPVME=0.20 and wPVME=0.25 albeit at different
temperatures. Using these results, the UCST demixing curve
illustrated in Figure 3a was composed, with the solid squares
(9) indicating the temperature where the increase in cp

app is
the strongest, andwith the vertical bar representing the range
in temperature where cp

app increases significantly. The max-
imum temperature of-15 �C observed for the UCST at low
concentration is comparable to that observed at the high
concentration side (see Figure 3b), which is in satisfying
agreementwith the predictions. In the theoretical predictions
the critical temperatures of the adjacentUCST’s are identical
which is related to the choice of the values of the different
parameters in the theory.20 In a more refined comparison of
theory with experimental data, different values for the
critical temperatures can be obtained by appropriate choice
of the values of the theoretical parameters.65

Considering the evolution of the crystallization tempera-
ture measured upon cooling, one can expect that for compo-
sitions below wPVME = 0.20 and above wPVME = 0.30,
the UCST-demixing cannot be observed as crystallization

Figure 3. (a) Low concentration narrow UCST miscibility gap ob-
tained by quasi-isothermal MTDSC experiments: temperatures where
the strongest increase of cp

app is observed (9); vertical bars indicate the
region of temperature where cp

app increases, crystallization curve for
PVME20 from heat flow measurements during nonisothermal cool-
ing ([) and from WAXD (2), melting line from this work (b).
(b) Temperature-composition phase diagram of PVME/water: bimo-
dal LCST miscibility gap determined by SANS in D2O (Δ)20 melting
line of water from Loozen et al. (O)57 and from this work (b); crystal-
lization curve for PVME20 from heat flow measurements during
nonisothermal cooling ([) and fromWAXD(2);Tg-composition curve
of PVME water mixtures (]);17 high concentration narrow UCST
miscibility gap (0).20 Lines are drawn to guide the eye.

Figure 4. Time-evolution of cp
app during stepwise quasi-isothermal

measurements for wPVME = 0.3 PVME/water in steps of 3 �C between
0 and-21 �C. UCST demixing at-21 �C is indicated by the increasing
apparent heat capacity and by the decreasing apparent heat capacity
during the subsequent remixing at 20 �C.
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occurs first (crystallization temperature is higher than the
expected UCST demixing temperature, see Figure 3a).

1.3. WAXD in PVME/Water at Low Temperatures and
Low Polymer Concentrations. The objective of the WAXD
experiments is to further ascertain by an independent tech-
nique that the heat capacity changes seen in the MTDSC
experiments are not due to the crystallization of water.
Crystallization in the aqueous PVME mixtures will show
up in the WAXD patterns by prominent diffraction peaks
related to the presence of ice.48 WAXD patterns were
recorded as a function of time during stepwise isothermal
measurements for the same polymer concentrations as mea-
sured in theDSC experiments. At theDUBBLE synchrotron
facility, stepwise isothermal measurements were done with a
stepwise change in temperature (ΔT=3K) every 180min.At
each temperatureWAXDpatternswere stored every 12 s and
analyzed as explained in the Experimental Section. In these
experiments, the samples contained in aluminum crucibles
for DSC experiments were used.

Longer duration WAXD measurements were performed
on a Bruker AXS SMART 6000 apparatus. In these experi-
ments the samples were contained in thin wall quartz capil-
laries and the time-temperature program used in the
MTDSC experiments was reproduced as closely as possible.
In this way, one can use the WAXD data to detect the
formation of ice in the solution during the isothermal
experiments on the time scales relevant for the MTDSC
experiments.

For a PVME/water mixture with composition wPVME =
0.20, Figure 5 shows two typical diffraction patterns ob-
tained after integration of the 2D diffraction patterns. The
bottom panel in Figure 5 is taken at T=25 �C, at which
crystallization has not occurred, and the toppanel inFigure 5

is taken at T=-25 �C, at which temperature crystallization
of ice has occurred. Before crystallization we see in the
diffraction pattern (bottom panel of Figure 5) 2 strong
diffraction peaks due to the polycrystalline aluminum DSC
crucible and corresponding to d-spacings of 2.338 and
2.024 Å.66 At the lower temperature (top panel Figure 5)
crystallization has occurred andwe observe the 100, 002, 101,
102, 110, 103, 200, 112, and 201 lattice reflections of hex-
agonal ice.59

TheWAXD results for all compositions and temperatures
are summarized in Table 1. When crystallization occurred in
a specific isothermal segment the time to crystallization is
shown, when no crystallization was observed in the isother-
mal segment this is denoted by (�). The WAXD results
confirm that the variations in the MTDSC heat capacity
signal cp

app are not due to crystallization. The approximate
crystallization temperatures determined from the WAXD
results are also shown in the phase diagram shown in
Figure 3a (2) and are in good agreement with the DSC
results.

Conclusions

In the system PVME/water, highly nontrivial phase behavior
was predicted. Most of these predictions were already verified.
Specifically, the existence of bimodal LCST phase behavior at
higher temperature, the existence of a sigmoidal melting line of
water with polymer concentration, and the existence of a low
temperature narrow UCST miscibility gap at high polymer
concentrations were experimentally confirmed. Here we gave
the first experimental evidence for the existence of the narrow low
concentration UCST miscibility gap, which is the second of two
miscibility gaps constituting together adjacent UCST phase
behavior according to the theoretical predictions. It was possible
to detect the low concentration narrow UCST miscibility gap by
carefully controlling the supercooling in the solutions: at not too
high supercoolings, the rate of nucleation and subsequent crystal-
lization are strongly suppressed.

Particularly, changes in the apparent heat capacity from
MTDSC upon stepwise isothermal cooling were related to the
occurrence of UCST liquid-liquid demixing. The occurrence of
phase separation upon cooling is further supported by the ob-
servation of remixing after reheating. FromWAXDexperiments,
it was unambiguously demonstrated that the MTDSC heat
capacity changes are not related to the occurrence of crys-
tallization.

Together with the earlier experimental results on the high
concentration narrow UCST miscibility gap, the bimodal LCST
miscibility gap and the sigmoidalmelting line of ice completes the
experimental verification of the complex predicted phase beha-
vior for aqueous solutions of PVME. As far as the authors are
aware, this is the first system where this peculiar and highly
nontrivial phase behavior is found. However, based on the
theoretical predictions, the observed phase behavior could be
more general and other systems may exist where similar behavior
can be observed.
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Table 1. Summary of WAXD Resultsa

wPVME

temperature 0.20 0.25 0.30
0 �C f -21 �C (steps 3 K) � � �

-23 �C ∼77 ∼173 �
-26 �C ∼138

aWhen no crystallization was observed in the isothermal segment of
400 min, this is denoted by (�); when crystallization has occurred in an
isothermal time segment, the time to crystallization is given in minutes.
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