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Abstract

The thermodynamic phase behavior of a polymer—diluent system (atactic polystyrene—1-dodecanol) forms the fundamental
basis of the description of thermally-induced demixing processes. In this paper, we demonstrate that temperature modulated
differential scanning calorimetry (TMDSC) can accurately detect the liquid-liquid demixing transition. This transition can be
clearly observed in the modulus of the complex heat capacity signal and in the phase angle. The phase angle shift is very small
during liquid-liquid demixing so liquid-liquid demixing of a polymer—diluent system takes place at time scales
instantaneously in comparison with the modulation period of TMDSC. In addition, the glass transition temperature of the
polymer-rich phase and the crystallization temperature of the diluent can be determined as well within the same TMDSC

experiment. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Liquid-liquid demixing of binary polymer solu-
tions is extensively studied since the last half of the
20th century (for references, see [1]). Phase diagrams
of many polymer—diluent systems have been deter-
mined visually or with other optical techniques like
optical microscopy (OM) and light scattering [1-7].
These techniques are also used to follow the time
dependency of the demixing process to study the
kinetics of demixing [7-13]. By using light-based
techniques, it is necessary to use a transparent system
and the refractive index difference between the poly-
mer and diluent should be large enough to obtain
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reliable results. Also other experimental techniques
have been occasionally used to compose phase dia-
grams or to follow the demixing process like visco-
metry [14], NMR [15], X-ray scattering [16] and
differential scanning calorimetry (DSC) [17-20]. In
this paper, DSC is used for investigating the phase
behavior of a polymer solution. By using an alter-
native technique, measuring heat instead of light, we
expect to obtain new insights in the liquid-liquid
demixing process. DSC is a well-known experimental
technique to study solid-liquid demixing (crystalliza-
tion) [6,21-23] and vitrification [2,18,19] of liquid—
liquid demixed polymer solutions. Berghmans and
co-workers [17-20] used DSC as well for the deter-
mination of the liquid-liquid demixing temperature.
They carried out DSC experiments for the systems
atactic polystyrene (aPS)/decalin and atactic poly-
methylmethacrylate/1-butanol and cyclohexanol,
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respectively. Upon cooling (cooling rate 5 K min~"),
an exothermic heat flow shift was observed and the
onset of it was taken as the liquid-liquid demixing
temperature. This signal agreed very well with optical
observations. With one DSC run they could determine
both the liquid-liquid demixing temperature and the
glass transition temperature of the polymer-rich phase.
But in general, DSC is hardly used for the determina-
tion of liquid-liquid demixing because the heat effect
is very small and disappears easily in the baseline
drift. Recently, a rather new technique has been devel-
oped, temperature modulated differential scanning
calorimetry (TMDSC) [24,25] which shows a higher
sensitivity and is very useful in studying phase transi-
tions in polymeric systems. In spite of some discussion
about the interpretation of the measured signals [26—
33], TMDSC is a very useful device to measure small
heat signals and to separate overlapping thermal
events.

In this paper, we will demonstrate that TMDSC
allows the accurate determination of the phase dia-
gram of aPS—1-dodecanol, a system showing an upper
critical solution temperature behavior. For miscible
polymer blends showing lower critical solution tem-
perature behavior, TMDSC has been used in [34]. The
TMDSC results are compared with OM. Liquid-liquid
demixing temperatures of aPS—cyclohexanol and
aPS—diisodecylphthalate are determined as well and
compared with literature data. Also the glass transition
temperature of the polymer-rich phase and the crystal-
lization temperature of the diluent is measured. For
later modeling of the observed heat effects [35], the
dependency of the experimental conditions of the
TMDSC instrument on the observed signals will be
presented. This contribution aims to establish a sound
experimental basis for TMDSC in characterizing
demixing polymer—diluent systems.

1.1. Temperature modulated DSC

An extensive description can be found in [24,28], a
short description of TMDSC will be given below by
using these references. With TMDSC, a second func-
tion (e.g. a sine wave) is superimposed onto the
conventional linear or isothermal temperature ramps.
The temperature ramp can then be described as

T =Ty + bt + Asinwt (D

where Ty (K) is the initial temperature, b (K s 1) the
underlying scanning rate, A (K) the temperature ampli-
tude, w (rad s~ 1) the angular frequency and 7 (s) the time.
The resulting heat flow consists of two contribu-
tions: the first part is caused by rapid process and is
proportional to the scanning rate, while the second part
is caused by kinetically hindered or irreversible pro-
cesses and hence independent of the scanning rate

do dr
-~ Tar
where dQ/dr (J s~ gfl) is the heat flow, ¢, (J g{1 K™
the specific reversing heat capacity and f(z, T)
d s ! g_l) the contribution to kinetic events.

The resulting heat flow can be separated in a cyclic
signal and an underlying signal (which is equivalent
with the conventional DSC). The modulus of the
complex heat capacity (Icp*l) is calculated with only
the amplitude of both the temperature and the heat
flow modulation. This modulus of the complex heat
capacity can be separated in a part in phase with the
modulated temperature and a part out of phase with the
help of the phase angle. The kinetic part in Eq. (2) can
cause a contribution to the phase angle, but this
response can be made insignificantly small by ensur-
ing that there are many cycles within a transition.
Consequently, only physical events with a time scale
comparable with the modulation period (10-100 s)
will be observed in the phase angle [33]. Very fast
events, like vibrations and rotations of atoms will take
place instantaneously in comparison with a modula-
tion. Slow events, like the mobility of vitrified poly-
mers with time scales much larger than a modulation
period will also not influence the phase angle.

+/(t,T) @

2. Experimental
2.1. Materials

Two types of aPS were used: commercial aPS
(Styron™ 686E) was kindly supplied by Dow Benelux
NV (M, and My /M, :2.3 x 10°gmol~! and 2.1,
respectively, determined with GPC) and aPS synthe-
sized in our own laboratory (M,, = 6 x 10* gmol ™!,
My, /M, = 1.05) via an anionic polymerization reac-
tion with n-butyl lithium as an initiator [36]. The
commercial aPS has been used for the experiments
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unless otherwise mentioned. The diluents used, 1-
dodecanol (purity >98%, Merck-Schuchardt), diiso-
decylphthalate (purity >99%, Merck-Schuchardt) and
cyclohexanol (purity >99%, Merck-Schuchardt) were
used without further purification.

2.2. Sample preparation

Ahomogeneous solution of aPS and 1-dodecanol was
prepared in a three-neck bottle under nitrogen at 200°C.
1-Dodecanol vapor was allowed to evaporate during
stirring with a mechanical stirrer. Small amounts of
various polymer concentrations were poured in Petri-
dishes and cooled in air. The compositions of the
samples were determined by thermogravimetric analy-
sis. About 20 mg of the sample was inserted on a
platinum sample pan of a TGA 2950 Thermogravic
Analyzer of TA Instruments and heated up to 200°C with
a heating rate of 10 K min~". Afterwards, the tempera-
ture was kept constant at 200°C for maximum of 2 h to
evaporate all the 1-dodecanol. From the ultimate weight
loss, the polymer concentration has been determined.

2.3. Temperature modulated differential scanning
calorimetry

The TMDSC used is a DSC 2920 of TA Instru-
ments. Calibration with indium and high density
polyethylene (HDPE) (for calibration of the heat
capacity) has been carried out.

About 5 mg of the sample was put in the aluminum
closed sample pan. The TMDSC was heated to 200°C
and kept isothermally for 30 min to ensure homoge-
neity.

The cooling rate was set to 2 K min~' to 0°C and
after an isothermal step of 5 min the sample was
heated again with 2 K min~'. The amplitude of the
superimposed sine wave was 1 K with a period of 60 s
(recommended values in the TA Instruments User
Manual). The glass transition temperature 7, and
the liquid-liquid demixing temperature 77 ; as well
as the heat capacity shift at 77 _; have been determined
with the TA Universal Analysis software.

2.4. Optical microscopy

The polymer sample was placed on an object glass
within an aluminum ring (thickness 0.1 mm, inner

diameter 5 mm) and covered by a second glass. To
prevent diluent loss caused by evaporation, laboratory
grease was used to stick the aluminum spacer to the
object glasses [6]. The sample was placed in a hot
stage (Linkam THMS 600) which was controlled by
the Linkam TMS92 hot stage controller. The sample
has been heated and cooled at a rate of 2 K min~" and
demixing was observed visually with an Olympus
BH2 microscope (magnification 200x).

3. Results and discussion

3.1. Liquid-liquid demixing and glass transition
temperature

In Fig. 1, the result of one TMDSC cooling run is
plotted showing the modulus of the complex heat
capacity as a function of temperature. The only clearly
observed transition in this figure is the crystallization
of 1-dodecanol (large peak). The heat effects of
vitrification and liquid-liquid demixing can hardly
be seen on this scale of modulus of the complex heat
capacity.

Cooling and subsequent heating curves of aPS—1-
dodecanol without the crystallization peak of the
diluent are plotted in Fig. 2 for two polymer concen-
trations (weight fractions of 0.38 and 0.69). Two
transitions can be observed: the glass transition and

0 40 80 120 160
Temperature/°C
Fig. 1. Modulus of the complex heat capacity as a function of

temperature for cooling of aPS in 1-dodecanol (weight fraction of
the polymer is 0.38).
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Fig. 2. Cooling and subsequent heating curves (weight fractions of
the polymer are 0.38 and 0.69). Grey lines: heating curves, black
lines: cooling curves.

a small baseline shift at higher temperatures, which we
assume to be the liquid-liquid demixing temperature.
In the following, we define the onset upon cooling of
this signal as the liquid-liquid demixing temperature
(T1 1) comparable with the observations of Arnauts
et al. and Vandeweerdt et al. with the conventional
DSC [17-20]. The glass transition temperature (7) is
chosen as the onset upon cooling because below this
temperature we can expect influences of vitrification
on the liquid-liquid demixing behavior.

In the cooling curves, the L-L phase transitions at
T are represented by a steep heat capacity shift. The
heating curves have the same slopes as the cooling
curves, only at the liquid-liquid demixing tempera-
tures the transition is not as distinct. A generally
observed phenomenon in polymer phase separation
is that crystallization peaks are more sharper than
melting peaks. With crystallization having a certain
degree of supercooling, heat is released instanta-
neously, while melting shows a more gradual transi-
tion with DSC experiments. Liquid-liquid demixing
at high polymer concentration is also thought to be
influenced by nucleation and growth, hence, super-
cooling may be present in this transition. However,
there is no significant difference observed between the
end of the heat capacity shift upon heating and the
onset upon cooling, so the physical reason of this
observed difference is not completely clear yet. In the
following, we will further use and discuss the details
of cooling curves only.
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Fig. 3. Phase diagram of aPS—1-dodecanol. Open circles: TMDSC
L-L demixing data, closed squares: OM L-L demixing data (cloud
points), closed circles: TMDSC glass transition data, lines are
drawn to guide the eye.

Performing such TMDSC cooling experiments over
a large concentration range allows the construction of
the phase diagram of the polymer—diluent system. To
support the assumption of the baseline shift to stem
from the L-L demixing, we have compared the
TMDSC results with OM data indicating visually
the phenomenon of L-L demixing. In Fig. 3, the
Ty and T, determined with TMDSC and OM is
plotted. The open circles represent the TMDSC
liquid-liquid demixing data, whereas the filled black
squares are the OM data. The closed circles are the
glass transition temperature data points.

By assuming the observed demixing temperatures
represent the binodal and coexistence curve (only
valid for a monodisperse polymer), this phase diagram
can be read as follows: by passing the binodal upon
cooling, the homogeneous solution will demix in two
phases determined by the coexistence curve. With
cooling a solution consisting of, e.g. 40 wt.% polymer,
a polymer-lean phase consisting of almost pure diluent
will be dispersed in a polymer-rich phase determined
by the coexistence curve. After further cooling below
temperatures of 7' = 58°C, the polymer-rich phase
will vitrify (at the intersection between the coexis-
tence curve and the glass transition curve). Cooling of
a polymer solution with a weight fraction above 90%
will directly result in vitrification of the solution.
Further physical explanation of such a phase diagram
can be found in many textbooks and papers, such as
[37].
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At low polymer concentrations (polymer concen-
trations smaller than 20 wt.%) liquid-liquid demixing
observed with OM is located at a somewhat lower
temperature than the TMDSC signal. This is probably
caused by the small concentration difference of the
two co-existing phases at low concentrations, there-
fore, the refractive index difference of the polymer-
rich and polymer-lean phase is very small and difficult
to observe visually. The cloud point is thus observed
after a certain time later than the actual liquid—liquid
demixing resulting in too low temperature measured.
At higher concentrations, this problem disappears
because the concentration difference between the
polymer-rich and polymer-lean phase is larger and
L-L demixing is more easy to observe visually.

The experimental error of both techniques will also
have an influence, in particular the evaporation of dilu-
ent. TMDSC experiments with a mass loss larger than
0.2 mg after experimentation were omitted. With the
OM experiments, the average error in the temperature
was 4°C, averaged over six experiments. But in spite
of the small deviation between the TMDSC and OM
data, we can conclude that the observed heat capacity
shift is indeed caused by liquid-liquid demixing. The
observed 71 _;’s with TMDSC can be regarded as the
cloud point curve of the polymer solution at a high
polymer concentration (larger than about 20 wt.%).

3.2. Liquid-liquid demixing for aPS—cyclohexanol
and aPS—diisodecylphthalate

TMDSC results of aPS in cyclohexanol and diiso-
decylphthalate, respectively, are plotted in Fig. 4. The
concentration of polystyrene is 30 wt.%. These cloud
points observed with TMDSC compare well with
reported values of these systems. Song and Torkelson
[38] observed liquid-liquid demixing for a 20 wt.%
aPS (M,, = 2.9 x 10° gmol™!) in cyclohexanol solu-
tion at Ty = 80.5°C (our work with the TMDSC:
T._ 1 = 81.4°C). Nojima et al. [8] determined the
cloud point of aPS (M, = 1.1 x 10°gmol~!,
M, /M, < 1.06) with diisodecylphthalate at 7} _| =
47°C for 30 vol.% (TMDSC: T1._, = 49.7). The glass
transition of aPS—diisodecylphthalate is not observed
from the DSC curve because this transition is at a
lower temperature than the temperature interval of the
experiment. From this comparison between experi-
mental and reported data it can also be concluded that

3.0

-40 0 40 8 120
Temperature/°C

Fig. 4. Modulus of the complex heat capacity of aPS in
diisodecylphthalate (DIDP) and cyclohexanol (CH). Weight
fraction of polymer is 0.30 for both curves.

the measured heat capacity shift has to be caused by
liquid-liquid demixing. The difference in values in the
heat capacity shift (Acp* at Ty, defined in Fig. 2)
between the different diluents is caused by the inter-
action between polymer and diluent. This can be
quantified by calculating the enthalpy of mixing with
the help of the Flory—Huggins theory [20]. More
details about the quantification of this heat capacity
shift will be published later [35].

3.3. TMDSC results of aPS (M,/M,, is 1.05) with
1-dodecanol

Fig. 5 shows the experimental result of a cooling run
for aPS having a low M, /M, (M, is 6 x 10* gmol !,
M,,/M, is 1.05) in 1-dodecanol (mass fraction of aPS is
0.40). The Ty _; shows a lower value than the value
plotted in Fig. 3 for a poly-disperse aPS—1-dodecanol
system (151 and 157°C, respectively). This experi-
mental finding is in accordance with theory [1], since
the molecular weight of the sample with a low M, /M,
(M, is 6 x 10*g mol™") is smaller than the poly-
disperse sample (M, is 2.3 x 10° gmol ™).

3.4. Influence of experimental conditions on modulus
of the complex heat capacity

To minimize the error in the calculation of the
modulus of the complex heat capacity with the
TMDSC software, it is recommended that at least
four complete superimposed cycles fit within a phase
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Fig. 5. Modulus of the complex heat capacity versus temperature
of aPS (M, =6 x 104gm01", M,/M, is 1.05) in 1-dodecanol.
Weight fraction of polymer is 0.40.

transition (according to Manual TA Instruments). This
requirement is satisfied for the glass transition because
this transition covers a temperature range of at least
10 K. However, in case of liquid-liquid demixing the
heat capacity shift only covers a temperature interval
of 2 K, so only one modulated cycle fits within this
transition. By lowering the underlying cooling rate,
the number of cycles within the transition can be
increased; the resulting DSC curves are shown in
Fig. 6. From this figure it can be concluded that
cooling rates of 2 K min~' and lower has no signifi-
cant influence on the measured modulus of the com-
plex heat capacity.
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Fig. 6. Influence of cooling rate on modulus of the complex heat
capacity. Weight fraction of polymer is 0.48.
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Fig. 7. Influence of modulation period on modulus of complex heat
capacity. Weight fraction of polymer is 0.68.

The results given in this paper are all measured with
a modulation period of 60 s. Of course, it would be of
much interest to study the influence of the modulation
period on the modulus of the complex heat capacity.
Such information may reveal details on the time scale
of liquid-liquid demixing. The results of the TMDSC
experiments with different modulation periods are
plotted in Fig. 7.

As can be observed from Fig. 7, the experiments
with the lower modulation periods (20 and 40 s) have
much lower modulus of the complex heat capacity
values compared to the higher modulation periods (60
and 100 s), even in the homogeneous solution region.
The values of the heat capacity for the experiments
with a modulation period of 60 and 100 s give com-
parable results; so from these results we may conclude
that at lower modulation periods the system cannot
follow the modulation. The observed difference is not
caused by physical phenomena in the sample because
in the homogeneous solution it is not expected that
thermal events of these periods take place; this has to
be caused by the time lag of the TMDSC instrument
(caused by heat transfer in the furnace and the sam-
ple). Therefore, high modulation periods (>60 s) are
necessary to exclude the instrumental time lag.

Plotting the phase angle versus the temperature
(Fig. 8), one can observe that the phase angle shifts
to lower values for increasing modulation period. As
already mentioned, there is a time lag in the TMDSC
instrument, and in general, the phase shift caused by
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Fig. 8. Influence modulation period on phase angle. Weight
fraction of polymer is 0.68.

the instrument is very large in comparison with the
phase shift caused by physical events of the polymer—
diluent system.

A method to exclude the influence of the phase
angle shift caused by the TMDSC instrument from the
total phase angle is to define regions in the DSC curve
where no influence of physical events is expected, so
where the phase angle has to be zero. By assuming that
the polymer—diluent sample shows no contribution on
the phase angle in the region where the polymer is
vitrified [28], we can exclude the contribution of the
phase shift caused by the TMDSC instrument. For all
polymer concentrations, the phase angle change
caused by the polymer—diluent system are only about
0.08 rad over the temperature interval from 30 to
200°C and it shows besides a peak at T, a small peak
at Ty ;. of about 0.005 rad. So, the influence of the out
of phase contribution is very small at 77 | and the
modulus of the complex heat capacity can indeed be
regarded as the reversing heat capacity. The shift in the
heat capacity has to be caused by phenomena of a time
scale instantaneously in comparison with the modula-
tion period; liquid-liquid demixing takes place at time
scales instantaneously in comparison with the mod-
ulation period of TMDSC.

4. Conclusions
With TMDSC liquid-liquid demixing of polymer—

diluent systems can be determined as well the glass
transition of the polymer-rich phase and crystallization

of diluent in one run. Both the modulus of the complex
heat capacity and the phase angle show a signal at the
demixing temperature. Liquid—liquid demixing obser-
ved with TMDSC agrees well with visually observed
cloud points. The underlying cooling rate must be
2 K min~" or lower and the modulation period must be
above 60 s to be sure that the experimental set-up has
no influence on the results. The phase angle shift is
very small during liquid-liquid demixing so liquid—
liquid demixing of a polymer—diluent system takes
place at time scales instantaneously in comparison
with the modulation period of TMDSC.
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