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Phase Behavior in Blends of Ethylene Oxide-Propylene Oxide Copolymer
and Poly(ether sulfone) Studied by Modulated-Temperature DSC and NMR
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Abstract: The state diagram of a blend
consisting of a copolymer containing
ethylene oxide and propylene oxide,
P(EO-ran-PO), and poly(ether sul-
fone), PES, is constructed by using
modulated-temperature differential
scanning calorimetry (MTDSC), T,
NMR relaxometry, and light scattering.
The apparent heat capacity signal in
MTDSC is used for the characteriza-
tion of polymer miscibility and mor-

phase separation, which is in good
agreement with the onset of phase sep-
aration in the apparent heat capacity
from MTDSC and the cloud-point tem-
perature as determined from light scat-
tering. The coexistence curve can be
constructed from 7, values at various
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temperatures by using a few blends
with well-chosen compositions. These
T, values also allow the detection of
the boundary between the demixing
zones with and without interference of
partial vitrification and are in good
agreement with stepwise quasi-isother-
mal MTDSC heat capacity measure-
ments. Important interphases are de-
tected in the heterogeneous P(EO-ran-
PO)/PES blends.

phology development. 7, NMR relax-

. polymers
ometry is used to detect the onset of

Introduction

The properties of partially miscible polymer blends are de-
termined by their final morphology.? In the case of partial-
ly miscible polymer blends with a crystallizable component,
for example, poly(ethylene oxide) (PEO), and a high-7,
component, poly(ether sulfone) (PES), the final state and
properties of the blend are primarily governed by the kinet-
ics of interfering transformations, including demixing, vitrifi-
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cation, and crystallization. In this study, modulated-tempera-
ture differential scanning calorimetry (MTDSC) and NMR
T, relaxometry were used to monitor the phase behavior in
partially miscible polymer blends.

MTDSC is an extension of conventional DSC, in which a
sinusoidal perturbation is superimposed onto the underlying
temperature program.** MTDSC allows for the simultane-
ous measurement of heat flow and heat capacity in both iso-
thermal and non-isothermal conditions. This turned out to
be very valuable for the study of rheological changes (vitrifi-
cation) in reacting polymer systems.%*'!) The use of the
temperature modulation for measuring the heat capacity
also results in a superior performance for studying small
heat capacity changes. Soon after its introduction, Hourston
and co-workers exploited this advantage for studying misci-
bility and interphase formation in polymer blends through
the study of their glass transition (7,) behavior using the
heat capacity and its temperature derivative.>>5 It is gen-
erally recognized that the existence of a single, composition-
dependent T, in a blend indicates miscibility on a length
scale of 10-30 nm,!"""* while the presence of multiple Ts in-
dicates phase separation or partial miscibility of the blend
components!'”?! on a similar length scale,”*! with each 7,
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reflecting a distinct segmental relaxation environment. The
high sensitivity and good baseline performance of the
MTDSC heat capacity signal renders the detection and
quantification of 7T, values and the associated increases in
heat capacity AC, (T,) more reliable.

MTDSC is not only suitable for studying vitrification and
glass transitions resulting from phase separation, but also
for gaining a unique in situ insight into the kinetics of dem-
ixing and remixing in partially miscible polymer blends?*!
and solutions.”®?” During temperature-induced phase sepa-
ration, mixing and/or demixing occur during each tempera-
ture modulation cycle and their heat effects contribute to
the observed heat capacity signal, which is therefore termed
an apparent heat capacity. Hence, isothermal demixing and
remixing can be followed in real time by using quasi-isother-
mal heat capacity measurements. The observed time/temper-
ature dependence of the apparent heat capacity under con-
trolled conditions provides information on the kinetics and
enables one to discriminate between fast molecular process-
es of mixing or demixing (nanoscale miscibility) and long-
term evolutions at the macroscopic level, such as interphase
or morphology development and partial vitrification. For
polymer blends, this was illustrated for poly(ethylene
oxide)/poly(ether sulfone) (PEO/PES) blends, showing the
effects of blend composition and constituent molar mass on
the demixing and remixing kinetics and the interrelation be-
tween both components.”*?! This MTDSC methodology
was extended to real-time observation of reaction-induced
phase separation (RIPS). For low-7, modifiers, the heat ef-
fects associated with phase separation contribute to the heat
capacity signal, enabling the real-time measurement of the
cloud point during RIPS.F*!!

Herein, the methodology for studying the PEO/PES
system by using MTDSCP**! is applied to a blend consisting
of a random copolymer of ethylene oxide and propylene
oxide, P(EO-ran-PO), and PES. The introduction of the pro-
pylene oxide comonomer reduces the miscibility and gives
rise to an even smaller enthalpy of demixing for P(EO-ran-
PO)/PES (less than 1 Jg™') when compared to the PEO/PES
system (less than 2Jg™"). The P(EO-ran-PO)/PES system
was selected because its lower critical solution temperature
(LCST) behavior is similar to that of PEO/PES, but in a
temperature range more suitable for a 7, NMR relaxometry
study (20-75°C). The T, NMR relaxometry measurements
will support and complement the MTDSC results. 7, NMR
relaxometry has proven its usefulness for studying multi-
phase systems.”>" The intensity decay of a pure component
can usually be described as a single 7, exponential decay,
which can be used to characterize molecular and segmental
mobility. Thus, for a pure polymer the monoexponential
spin echo decay of amplitude I(¢), with amplitude I, at time
t equal to zero and a single relaxation time 7,,°¥ is de-
scribed by Equation (1):

(1) = Iexp (—Tiz) (1)
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For a multiphase system, the 7, relaxation decay can be
partitioned into discrete components, assigning higher 7,
values to more mobile phases and lower 7, values to less
mobile ones.*” The various mechanisms inducing 7, relaxa-
tion in spin !/, systems all develop their own characteristic
working distance. If domain sizes in heterogeneous systems
are smaller than the working distance, relaxation of a nucle-
ar spin in one phase will be induced by spins in the same
phase as well as in the other phase. Under such conditions,
finding a single 7T, value for all spins from both phases is
likely. In contrast, if domain sizes are larger than the work-
ing distance, the relaxation of a nuclear spin in one phase
will be induced only within that phase, resulting in a multi-
exponential decay for the whole system with, at best, a
single exponential decay for each of its phases. Hence, if
such a multiexponential decay is measured, it can be con-
cluded that the heterogeneous system formed is very likely
to display domain sizes larger than the working distance.
For liquid-state '"H NMR spectroscopy, relaxation induced
by dipole-dipole interactions is the dominant relaxation
mechanism and has a working distance of less than 1 nm.*!

The power of the combination of NMR relaxometry and
DSC was already shown for the investigation of different
types of water in hydrogels (liquid-state NMR relaxome-
try)P*! and for probing the level of homogeneity in polymer
blends characterized by one single T, (solid-state NMR re-
laxometry)."! In this study, MTDSC and liquid-state NMR
relaxometry are combined to monitor the phase behavior in
the partially miscible polymer blends, which provides novel
insights into their morphology development and mobility of
coexisting phases and interphases.

Results and Discussion

Construction of the state diagram of P(EO-ran-PO)/PES by
using MTDSC: The state diagram of P(EO-ran-PO)/PES
was constructed by using MTDSC. The important transition
temperatures, for example, the glass transition temperature
(T,) and its width (AT,), the melting temperature (7,,), and
the cloud-point temperature (7)) can be obtained for each
desired composition with a single MTDSC experiment by
using the apparent heat capacity signal (C;"p) as illustrated
in Figure 1. 7, is taken at the inflection point in C}
(Figure 1, & and ¢). Due to the high crystallization rate of
P(EO-ran-PO), it is difficult to quench the blend to obtain a
completely amorphous material. Furthermore, the cold crys-
tallization starts immediately after partial devitrification of
the quenched blend, as can be seen from the traces for the
90/10 and 80/20 blends in Figure 1, resulting in a more com-
plicated and less reliable calculation of 7, and AT, For
blends with a higher fraction of PES (35/65, 20/80 and 10/90
in Figure 1), the correct calculation of T, and AT, will be
hampered by the interference of phase separation. Less reli-
able 7, values are indicated with an open diamond in
Figure 1.
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Figure 1. Non-isothermal MTDSC measurements: apparent heat capacity
(CJ*) versus temperature at a heating rate of 1 Kmin™' for P(EO-ran-
PO)/PES blends with the indicated compositions after quenching from
the homogeneous melt: 7, (& and o, see text), T,, (a) and T (D).

The end set of the melting region is taken as T,, (Figure 1,
A), whereas T, is taken as the onset of the apparent heat ca-
pacity (Figure 1, 0). Below T, and above T, the heat ca-
pacity of the homogeneous P(EO-ran-PO)/PES melt only
depends on the temperature and the blend composition.
Under such conditions, the thermodynamic or baseline heat
capacity (C‘;*"”) is measured. Upon phase separation, time-
and temperature-dependent heat effects coupled with
mixing/demixing occur during each modulation cycle and
give rise to an excess heat capacity (C;***). This C;*** term
contributes to the measured apparent heat capacity signal,
C* [Eq. (2)].

aj __ (base excess
Co¥ (T,t) = Co (T)+C (T.1) )

For low amounts of the minor component, the heat of
demixing is very small and the detection of the onset in the
heat capacity signal is very difficult. Light scattering still
allows for the detection of T, under these conditions.

All results from Figure 1 are combined in the state dia-
gram of the P(EO-ran-PO)/PES system in Figure 2. Figure 2
also includes results obtained from 7, NMR relaxometry
and light scattering. For the latter, the onset of phase sepa-
ration, detected through the onset of decrease in light trans-
mittance, is taken as the cloud-point temperature 7, (@ in
Figure 2). The determination of the cloud-point temperature
by 7, NMR relaxometry will be discussed later. The cloud-
point temperatures obtained by using MTDSC are in good
agreement with those obtained by light scattering and 7,
NMR relaxometry, as can be observed in Figure 2.

The state diagram evidences an LCST-type demixing be-
havior similar to the PEQ/PES system.***! The partial sub-
stitution of ethylene oxide with propylene oxide reduces the
miscibility of the P(EO-ran-PO)/PES system when com-
pared with PEO/PES: it shifts the demixing region to lower
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Figure 2. State diagram for P(EO-ran-PO)/PES: T, (e and o, see text),
AT, (vertical bars), T, (a), Ty as measured by MTDSC (o), by 7, NMR
relaxometry (x) and light scattering (@), and T,-composition relations:
Couchman!® corresponding with k=0.13 (—) and Gordon-Taylor!!
with k=0.18 (-----).

temperatures by about 45°C. The heat of demixing of the
P(EO-ran-PO)/PES system is smaller due to less interaction,
which is at the origin of the reduced miscibility. The idea of
a weaker interaction is supported by evaluating the compo-
sition dependence of T, by using the Gordon-Taylor equa-
tion™! with an adjustable parameter k taking into account
the specific interactions. For the P(EO-ran-PO)/PES, a
lower k parameter is found (k=0.18, dashed line in
Figure 2) than for PEO/PES (k=0.25%"), indicating less in-
teractions in the former system. The Couchman approach
for calculating the T, of a homogeneous blend,*” based on
the T, and AC, at T, of the pure components, does not take
interactions into account and results in an even lower k pa-
rameter of 0.13.

The knowledge of T,, T, and T, as a function of the
blend composition allows the determination of four regions
of interest: the (semicrystalline) glassy region below T, the
semicrystalline region between 7, and T,,, the miscible ho-
mogeneous melt between T, and T, and the partially misci-
ble heterogeneous region beyond 7. The 7, NMR relaxom-
etry study will focus on the latter two regions.

T, NMR relaxometry

Detection of the cloud-point temperature: In the homogene-
ous region, the blend displays a single 7, relaxation time,
which is observed as a linear decay of the logarithm of the
reduced intensity versus time (Figure 3). Upon increasing
the temperature from the homogeneous region, the blends
start demixing owing to the LCST-type phase behavior evi-
denced in Figure 2. After phase separation, the coexisting
phases have different compositions and thus their own char-
acteristic molecular or segmental mobility, which is different
from the one corresponding to the initial homogeneous
composition. This results in a multiexponential 7, relaxation
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Figure 3. Detection of the cloud point as measured by NMR relaxometry
for different compositions of P(EO-ran-PO)/PES: closed symbols for the
highest temperature with monoexponential 7, relaxation decay, open
symbols for the lowest temperature with multiexponential 7, relaxation
decay: a) 60/40: @ (48.5°C) and o (49.6°C), 50/50: v (54.3°C) and Vv
(55.5°C), 40/60: & (59.1°C) and ¢ (60.2°C); b) 90/10: m (32.0°C) and O
(33.1°C), 75/25: A (41.4°C) and & (42.6°C).

decay in which each relaxation time characterizes one of the
coexisting phases with a specific composition. Thus, upon
phase separation, the relaxation decay changes from mono-
exponential to multiexponential, resulting in a nonlinear
decay, as seen in Figure 3. The average of the highest tem-
perature with a monoexponential decay, that is, the highest
temperature at which the sample remains homogeneous,
and the lowest temperature with a multiexponential decay,
that is, the lowest temperature at which the sample is heter-
ogeneous, is taken as the cloud-point temperature (7,) for
that blend composition.

As shown in the state diagram for the P(EO-ran-PO)/PES
system (Figure 2), there is a good correspondence between
cloud-point temperatures determined by 7, NMR relaxome-
try and those determined by MTDSC and light scattering,
and this is true for all compositions. As the different tech-
niques detect the onset of phase separation at different
length scales, the good correspondence indicates a fast evo-
lution of the domain size from less than one (NMR spec-
troscopy) to a few hundred (light scattering) nanometers.

Notwithstanding the satisfactory correspondence, the larg-
est benefit of 7, NMR relaxometry can be expected from
the link between the relaxation time and the composition.
For the heterogeneous blends, the 7, relaxation times of
each of the coexisting phases depend on each phase compo-
sition and the temperature. The purpose of monitoring the
T, relaxation time dependence on composition and tempera-
ture for homogeneous blends is to establish the link between
the relaxation times measured for heterogeneous blends and
the composition of the coexisting phases.

Study of the homogeneous P(EO-ran-PO)/PES blends: The
T, relaxation times of homogeneous blends were measured
as a function of the temperature for blends with composi-
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tions ranging from pure P(EO-ran-PO) to a blend with PES
(70 wt % ).

For pure P(EO-ran-PO), T, relaxation times were mea-
sured for temperatures ranging from 20 to 75°C. All spin
echo decays were monoexponential. Furthermore, there is a
satisfactory linear correlation between the logarithmic 7, re-
laxation times and the reciprocal temperature (Figure 4),
suggesting an Arrhenius correlation between 7, and temper-
ature. From molecular dynamics, it is well known that the
mobility of molecules in liquids follows this type of tempera-
ture dependence.*! Since T, relaxation times are related to
molecular and segmental mobility, 7, relaxation times can
be expected to have a similar temperature dependence.
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Figure 4. Arrhenius plot of the logarithmic T, relaxation time as a func-
tion of the reciprocal temperature for different compositions of P(EO-
ran-PO)/PES in the homogeneous melt.

If polymers are mixed on a molecular scale, ideally all
segments should have the same molecular environment and
mobility, resulting in a single relaxation time. Although this
simple view predicts a single relaxation time for homogene-
ous blends, all data points of the intensity decay were fitted
toward a multiexponential decay to allow a priori for multi-
ple relaxation times in the data analysis. Nevertheless, all
multiexponential fittings for homogeneous blends resulted
in a monoexponential decay with a single 7, relaxation time
(not shown). For all compositions, the obtained 7, relaxa-
tion times show an Arrhenius temperature dependence, as
shown in Figure 4. Higher PES contents result in a lower 7,
relaxation time in the blend, owing to the lower mobility of
this high 7, component than pure P(EO-ran-PO). For the
highest PES contents (30/70 and 40/60), the blends are parti-
ally vitrified and highly viscous at the lowest temperatures.
As long as the T, relaxation time is above 0.2 ms, it can be
determined by using liquid-state 7, NMR relaxometry.

There is an exponential correlation between 7, and the
blend composition at different temperatures (Figure 5),
however, within a limited composition range from roughly
0.1 to 0.5 weight fraction (indicated with a solid trendline).
By interpolation on Figure 5, the blend composition at a

Chem. Eur. J. 2009, 15, 1177-1185
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Figure 5. Logarithmic 7, relaxation time as a function of composition for
P(EO-ran-PO)/PES blends at different temperatures, calculated by using
the inter- and extrapolated values from Figure 4: 27.2°C (@), 33.1°C (n),
39.0°C (m), 44.9°C (2), 50.8°C (4), 56.6°C (¢), and 62.5°C (). The esti-
mation of the composition of a phase based on its 7, relaxation time
measured at a certain temperature (here 56.6°C) is illustrated.

given temperature can be determined from its observed 7,
relaxation time. The exponential correlation from Figure 4,
which was used to determine the blend composition at a
given temperature in the homogeneous region from its 7,
relaxation time by interpolation, will also be used in the het-
erogeneous region by simultaneous extrapolation and inter-
polation.

Study of the heterogeneous P(EO-ran-PO)/PES blends: Het-
erogeneous P(EO-ran-PO)/PES blends clearly exhibit a
multiexponential 7, relaxation decay, as shown in Figure 3
(open symbols). From the state diagram (Figure 2), one
would expect that the 7T, relaxation decays in the partially
miscible heterogeneous region consist of the two relaxation
times corresponding to a P(EO-ran-PO)-rich phase with a
higher 7, relaxation time than the homogeneous phase, and
a P(EO-ran-PO)-poor phase with a lower 7, relaxation
time, with compositions corresponding to the coexistence
curve.™! Actually, the P(EO-ran-PO)-rich phase consists of
almost pure P(EO-ran-PO), as indicated by the state dia-
gram (Figure 2). When fitting the relaxation decay with a
discrete distribution of 7, relaxation times, the two expected
T, relaxation times are found. They do not suffice, however,
to describe the measured relaxation decay. At least one or
two additional 7, relaxation times are needed, the best fit
being obtained for a total of four 7, relaxation times
(Figure 6). For the phase-separated polymer blends, one
could expect a concentration gradient, or an interphase, to
be present between the phases; a common feature in hetero-
geneous multicomponent systems.">'  This interphase
would be characterized by a distribution of relaxation times.
Therefore, all intensity decays were fitted not only by a dis-
crete but also by a continuous distribution of relaxation
times, as implemented in the CONTIN algorithm by Pro-
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Figure 6. T, NMR relaxation decay for a P(EO-ran-PO)/PES 60/40 at

56.7°C at equilibrium, fitted with a sum of two (—), three (-----) and
four (—) discrete exponentials.

vencher.*>*! As shown in Figure 7, the fitting with a contin-
uous distribution results in four relaxation peaks, with 7, re-
laxation times and fractions that are very close to those ob-
tained through the fitting with discrete relaxation times. The
two extra phases, corresponding to the two extra T, relaxa-
tion times needed in addition to those corresponding to the
expected coexisting phases, have compositions in between
the compositions of the cloud-point curve and can be attrib-
uted to interphases.[>1214

Whereas the composition of each phase is estimated from
its T, relaxation time, the weight fraction of each phase can
be estimated from the initial amplitude of the spin echo
decay of the corresponding 7, relaxation time. For Figure 7,
this results in two interphases corresponding to about 50 %
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Figure 7. Amplitude versus relaxation time distribution for a P(EO-ran-
PO)/PES 60/40 at 56.7°C at equilibrium, showing the continuous compo-
sition distribution obtained by the CONTIN algorithm (solid peaks) and
the discrete distribution with four relaxation times (o). The height of the
symbols corresponds to the fractional contributions of the four peaks of
the continuous distribution (e) and the four relaxation times of the dis-
crete distribution (0), respectively.
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by weight of the polymer blend. This important interphase
is probably linked to a fine phase-separated morphology
and a large contact area between the phases. This is in
agreement with MTDSC, the reversible demixing-remixing
on the timescale of the modulation, as observed by the heat
effect in C7*, can only be achieved if the corresponding
mass transport phenomena occur over a large interfacial
contact area.

Constructing the coexistence curve by using T, NMR relax-
ometry: As described above, the multiexponential relaxation
decay in the partially miscible heterogeneous region con-
tains the relaxation times corresponding to the compositions
of the coexistence curve. By performing a stepwise isother-
mal 7, NMR relaxometry experiment, that is, increasing the
temperature in steps of only a few K and measuring the 7,
relaxation decay after each temperature increase, enables
one to construct a section of the coexistence curve. As the
phase compositions are formed instantaneously, the first re-
laxation decay at each temperature suffices to construct a
complete phase diagram with a single stepwise isothermal
measurement. To capture the minimum of the LCST, one
should use a blend with a composition corresponding to the
minimum of the cloud-point curve. However, in the case of
P(EO-ran-PO)/PES, the cloud-point curve is very asymmet-
rical and thus the minimum of its cloud-point curve corre-
sponds with almost pure P(EO-ran-PO) (Figure 2). There-
fore, four P(EO-ran-PO)-rich blends with compositions
ranging from P(EO-ran-PO)/PES 90/10 up to 50/50 were se-
lected for constructing the coexistence curve. Note that in
this particular blend, the coexistence curve matches the ex-
perimental cloud-point temperatures as detected by
MTDSC and light scattering (Figure 8). Although this ap-
proach permits the construction of a section of the coexis-
tence curve by using a single sample with a well-chosen
starting composition, it also implies the knowledge of the
dependence of the T, relaxation times on the composition at

80
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Figure 8. Coexistence curve for P(EO-ran-PO)/PES as constructed by a
stepwise isothermal 7, NMR relaxometry experiment (x ), starting from
four blends with compositions 90/10, 75/25, 60/40, and 50/50. Cloud
points as detected by MTDSC () and light scattering (e).
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different temperatures. However, in addition to the coexis-
tence curve, this method also gives information about the
amount and the composition of the interphase(s), as dis-
cussed previously.

Influence of partial vitrification during phase separation:
During phase separation of a polymer blend or polymer so-
lution, (partial) vitrification of a phase occurs if the T, of
that phase approaches the temperature at which phase sepa-
ration occurs,?%:28.2]

Referring to the phase diagram (Figure 2), it is observed
that at weight fractions of PES above 0.7, the end set of the
glass transition interferes with the cloud-point curve. For
temperatures above this intersection, an increase in temper-
ature will result in the partial vitrification of the high-T,
PES-rich phase. Therefore, the partially miscible region can
be subdivided in two regions: a demixing zone without inter-
ference of partial vitrification (zone I) and a demixing zone
with interference of partial vitrification (zone II).

MTDSC enables one to detect vitrification during phase
separation in stepwise quasi-isothermal, heat capacity (C,)
measurements, as shown for the PEO/PES system.?*! The
same stepwise quasi-isothermal MTDSC approach was used
for the P(EO-ran-PO)/PES system (Figure 9). After reach-

02Jg'K"

T

Io.oz Jg'K'

25 35 45 55 65 75

1 1 !

-80 -10 60
Temperature / °C

Figure 9. Stepwise quasi-isothermal MTDSC experiment for a P(EO-ran-
PO)/PES 50/50 blend, with the final C;™ level (®) indicated at each tem-
perature superimposed on C**® measured at 1 Kmin~' (—); extrapola-
tion of the baseline heat capacity from the homogeneous melt (-----).

ing a stable C'" (e in Figure 9), corresponding to the final
state at the chosen temperature, a stepwise increase of 1 K
was applied. Below the cloud point, all quasi-isothermal C[*
levels coincide with the CE"‘SC measured during heating at
1 Kmin™' (zone 0). Above the cloud point, heat effects cou-
pled with mixing/demixing during one modulation cycle con-
tribute to the heat capacity signal. Note that the C}' evolu-
tion measured at 1 Kmin™' does not coincide with the final
CPP levels, which illustrates the time dependence of C;*** in
the demixing zone, as in the PEO/PES system.” The de-
crease of the final C}* levels below the extrapolated CE“C
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from the miscible melt (dashed line in Figure 9) at about
60°C, indicates the occurrence of partial vitrification of the
high-T, PES-rich phase. Note that the actual temperature
range in which vitrification occurs depends on the heating
rate used, shifting to lower temperatures at slower rates
(compare stepwise quasi-isothermal to 1Kmin™ in
Figure 9).

The (partial) vitrification of the high-T, phase is also ap-
parent in the 7, NMR relaxometry results. Liquid-state 7,
NMR relaxometry allows the detection of 7, relaxation
times above the 7, detection limit of about 0.2 ms. For mate-
rials with a 7T, relaxation time below this detection limit, the
relaxation decay is too fast and the material will not be visi-
ble. Hence partial vitrification of one of the coexisting
phases in a demixed polymer blend leads to the partial ap-
parent “disappearance” of this phase when using liquid-state
T, NMR relaxometry.

In the case of P(EO-ran-PO)/PES blends, a part of the
high-T, PES-rich phase will no longer be observed, and the
remaining average detectable composition becomes richer in
P(EO-ran-PO). In Figure 10, a stepwise isothermal 7, NMR
relaxometry measurement is shown for a P(EO-ran-PO)/
PES 50/50 blend. The average detectable composition is de-
picted as a function of time and temperature. In zone 0 (mis-
cible melt) and in zone I (phase separation without interfer-
ence of vitrification), the average visible composition equals
the homogeneous start composition (wpgs=0.5). From 61°C
onwards and over a range of about 5°C, the average compo-
sition becomes richer in P(EO-ran-PO), implying partial vit-
rification of the PES-rich phase (zone II), in good agree-
ment with the MTDSC results (compare Figures 9 and 10).

Conclusions

T, NMR relaxometry and MTDSC prove to be powerful
and complementary tools for studying partially miscible po-
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lymer blends, such as P(EO-ran-PO)/PES. By using
MTDSC, a state diagram was constructed, evidencing LCST
behavior with a strongly asymmetric cloud-point curve, with
the critical composition very close to the pure low-T, P(EO-
ran-PO). At weight fractions of high-7, PES of 70 wt % and
above, the high temperature end set of the glass transition
interferes with the cloud-point curve, resulting in a partial
vitrification of the PES-rich phase at temperatures above
the intersection (60°C).

The onset of phase separation as detected by 7, NMR re-
laxometry through the change from a monoexponential to a
multiexponential decay is in accordance with the MTDSC
and light-scattering results. This good agreement indicates
that the morphology evolves quickly from the molecular
scale (7, NMR relaxometry), through the nm scale
(MTDSC), to the sub-um scale (light scattering). Through
calibration with data from homogeneous blends, the compo-
sitions corresponding to the observed relaxation times can
be obtained. Exploiting this methodology, a section of the
coexistence curve is constructed by using stepwise, quasi-iso-
thermal measurements for a single blend composition. In
the present system, the coexistence curve coincides with the
cloud-point curve. The fact that both the cloud-point curve
(onset of phase separation) and the coexistence curve can
be determined by 7, NMR relaxometry, might offer interest-
ing opportunities for studying systems in which the two
curves do not coincide.*”! Moreover, by using 7, NMR re-
laxometry, the presence of one or two interphases could be
detected and their composition and weight fraction could be
determined, which gave interesting information on the
phase structure developed.

Experimental Section

Materials: The random copolymer of ethylene oxide and propylene
oxide, P(EO-ran-PO), with a number average molar mass of 2500 gmol ™!
was supplied by Aldrich. The copolymer contains 75% ethylene oxide
75 and 25 % propylene oxide and is ter-
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°®
05 o o “ee
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| 59.05°C

56.65°C

Composition (wtpgg)

minated by hydroxyl groups. This co-
polymer is semicrystalline with a
470 melting temperature of about 15°C.
The glass transition temperature, T,
and the increment in heat capacity at
T,, AC,, measured by using MTDSC
amount to —70°C and approximately
0.95Jg 'K, respectively.

Poly(ether sulfone) or poly(1,4-phen-
ylene ether sulfone), PES, with a vis-
cosity average molar mass of
20000 gmol™! was supplied by Al-
drich. The 7, and AC, at T, of PES
(totally amorphous) measured by
using MTDSC equal 222.5°C and
0.21 Jg'K™!, respectively.

P(EO-ran-PO)/PES blend prepara-
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Figure 10. Stepwise isothermal 7, NMR relaxometry measurement for a P(EO-ran-PO)/PES 50/50 blend de-
picting the average detected composition (@) as a function of temperature and time.
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1500 tion: Blends with compositions rang-
ing from pure P(EO-ran-PO) to pure
PES were obtained by preparing
10% (w/v) solutions of both compo-
nents in N,N-dimethylformamide, fol-
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lowed by the removal of the solvent under vacuum at 30°C. The blends
were additionally dried overnight at a temperature just below the cloud-
point temperature of the blend estimated from previous results. The com-
position of the blends is expressed as the weight ratio of P(EO-ran-PO)/
PES.

Techniques

Liquid-state NMR relaxometry: The proton transverse relaxation time
(T,) measurements were performed on a Bruker Avance II NMR spec-
trometer operating at 500.13 MHz, using a TBI probe head equipped
with a z-gradient coil. All spectra were recorded over the temperature
range from 20 to 75°C. The temperature, controlled by a Bruker BVT
3000 unit, was calibrated by using neat ethylene glycol as described in
reference [48]. The temperature accuracy is £0.5°C. The 7, times were
measured by using the Carr-Purcell-Meiboom-Gill (CPMG) sequence
until the signal intensity dropped below 1% of its value.

MTDSC: MTDSC measurements were performed on a TA Instruments
2920 DSC with MDSC option and on a TA Instruments Q1000 equipped
with a RCS or LNCS cooling system, respectively. Helium or nitrogen
was used as a purge gas (25 mLmin"). Indium and cyclohexane were
used for temperature calibration. The former was also used for enthalpy
calibration. Heat capacity calibration was performed with poly(methyl
methacrylate) (PMMA; supplied by Acros) by using the heat capacity
difference between two temperatures,*” one above and one below the
glass transition temperature of PMMA, to make sure that heat capacity
changes were adequately measured.

Standard modulation conditions used in the experiments are an ampli-
tude of 1 K (2920 DSC) or 0.5 K (Q1000 DSC) and a period, p, of 60 s.
Non-isothermal experiments were performed at an underlying heating

rate of 1 Kmin™'.

Samples were pretreated under vacuum at a temperature of 5 K below
the expected cloud point of the blend, prior to the introduction into the
DSC. Samples of 5 to 10 mg were introduced in TA Instruments hermetic
pans. These crucibles were perforated to ensure an inert atmosphere
around the sample, reducing degradation of P(EO-ran-PO) at higher
temperatures. The drying step was repeated for a couple of hours to
ensure the removal of all solvent and moisture.

Light scattering: Cloud points were detected by measuring the light trans-
mitted through thin samples between glass slides in a Mettler Toledo
FP82HT hot stage equipped with a photodetector. A Spectratech optical
microscope was used with a magnification of four and a light source oper-
ating with visible light (between 400 and 800 nm with an average value of
600 nm). All samples were heated at a rate of 1 Kmin™' to reduce ther-
mal lag in the sample and to allow comparison with MTDSC measure-
ments at the same underlying heating rate. A nitrogen purge was applied
to avoid degradation of P(EO-ran-PO) at higher temperatures. The onset
of the decrease in the transmitted light intensity was chosen as the cloud-
point temperature.!
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