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ABSTRACT: The phase behavior of the (EO)19(PO)43(EO)19/p-xylene system (where EO is ethylene oxide
and PO is propylene oxide) with temperature is discussed. In this block copolymer the end blocks are
crystallizable, and the middle block is noncrystallizable. Several techniques were used to delineate the
phase boundaries (SAXS, WAXS, 1H NMR, 2H NMR, and DSC). An anisotropic region with a lamellar
structure with semicrystalline PEO domains and amorphous PPO domains is formed at low temperatures
and high copolymer concentrations. The lamellar structure has a one-dimensional swelling with increasing
p-xylene concentration. The driving force for forming the anisotropic region is that the PEO crystallize
at low temperatures. The amount of crystallinity in the system and the interfacial area per PEO block
in the ordered region depend on the temperature and the sample composition. At high temperatures and
low copolymer concentrations the system contains an isotopic solution phase.

1. Introduction
Block copolymers with one crystallizable block and

one noncrystallizable block have been studied a few
decades. One example of such a copolymer is a block
copolymer of poly(ethylene oxide) and poly(propylene
oxide), where poly(ethylene oxide) (PEO) can be partly
crystalline (semicrystalline) at ambient temperatures,
while the poly(propylene oxide) (PPO) is amorphous at
temperatures above its glass transition temperature, Tg,
which is 207 K.1 (The melting temperature, Tm, is
always greater than the Tg for partly crystalline materi-
als, and the difference is a maximum for homopolymers.)
Several papers have been reported on the melting
behavior of block copolymers with semicrystalline PEO
blocks and different amorphous blocks. The melting
temperature of the crystalline structure depends on the
block molecular weight, the copolymer architecture, and
the solvent conditions.2-9 The PEO/PPO block copoly-
mers as well as the other semicrystalline block copoly-
mers have very interesting characteristics with varied
temperature and upon addition of solvent, and these
characteristics are therefore important to understand.

The poly(ethylene oxide) homopolymer is crystalline
at ambient temperatures if the molecular weight is
larger than approximately 1000.10 The melting proce-
dure of the PEO homopolymer depends on the polymer
molecular weight. At low molecular weight (<4000), the
polymer has an extended conformation, although several
degrees of lamellar chain folding may exist at larger
molecular weight during the melting procedure.11 The
melting points of copolymers with PEO blocks are lower
than these of PEO homopolymers having the same
number of ethylene oxide units.2,3,10 The degree of
crystallinity is also significantly lower than that of the
homologous homopolymer.12,13 A lamellar structure is
the most common mesostructure if one block is partly
crystalline, but hexagonal structures have been reported
for PDMS/PEO block copolymers.13

Studies of semicrystalline PEO/PPO copolymers in the
absence of solvent show that the polymeric system forms
well-ordered lamellar domains. Experimental results
show that the crystalline structure of the PEO in the
semicrystalline aggregates depends on the length of the
PEO chain, the length of the amorphous PPO block, and
the copolymer architecture.2,3,5,7,10,12 Theoretical work
by Whitmore et al.14 shows that chain folding leads to
a less dense packing of the amorphous blocks. This
increases the entropy but gives an increased interfacial
area per PEO block, thus leading to increased enthalpy
of the system. These opposing forces lead to different
numbers of chain folding depending on the molecular
weight and the copolymer architecture. Some other
studies on the structure of PEO/PBO block copolymers
have been reported.15-18

PEO/PPO block copolymers and PEO/PBO block
copolymers in selective solvents form micelles and
various liquid crystalline phases depending on the
sample compositions (see e.g. refs 19-23 and references
therein). However, at high copolymer concentration the
semicrystalline structure of the copolymer may remain.
Mortensen et al. investigated the structure and phase
behavior of PEO/PPO block copolymers without solvent
and in aqueous solutions.8,9 The structure of the (EO)25-
(PO)40(EO)25 triblock copolymer (trade name P85; BASF)
at low temperature and with no water present is
lamellar with highly stretched copolymer chains. The
crystalline PEO domain can be swollen with a small
amount of water (≈10 wt %) and still maintain its
crystalline structure. The lamellar structure remains
up to a temperature of 40 °C, where it melts and forms
an unordered solution phase.9 This behavior has also
been observed for the copolymer (EO)43(PO)16(EO)43
(trade name F38; BASF) which melts at a temperature
of approximately 45 °C.24 Some studies on other semi-
crystalline copolymers in water or oil solutions have also
been reported.4,6,25-27

Here we have studied the (EO)19(PO)43(EO)19/p-xylene
system. This report is organized as follows. After the
Experimental Section, the determination of the phase
behavior is discussed, and the amount of crystallinity
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is estimated. Several techniques, such as small and
wide-angle X-ray scattering (SAXS and WAXS), 1H and
2H NMR, and DSC, are used to characterize the crystal-
line phase and to delineate the phase boundaries.

2. Material and Method
Materials and Sample Preparation. The poly(ethylene

oxide) (PEO)/poly(propylene oxide) (PPO) copolymer with the
trade name Pluronic P84 was obtained as a gift from BASF
Corp., New Jersey. According to the manufacturer, the copoly-
mer contains 40 wt % PEO and has the density 1.05 g/mL at
25 °C. The molecular weight is 4200. The resulting composition
is (EO)19(PO)43(EO)19. The molar volume of the copolymer (vp)
equals 6700 Å3, calculated from the copolymer density and
molecular weight. p-Xylene (1,4-dimethylbenzene) of purity
>99.0% was obtained from Fluka Chemie AG, Buchs, Swit-
zerland, and deuterated p-xylene (C6D4(CD3)2, >99.00 at. %
2H) was purchased from Dr. Glaser AG, Basel, Switzerland.
A poly(ethylene oxide) sample with molecular weight 1000 (
50 ((EO)23) was also used. All chemicals were used without
further purification.

We note that the copolymer used is a commercial product,
which is polydisperse and possibly also contains impurities.
Wu et al. found a value of 1.1 for the ratio Mw/Mn of (EO)13-
(PO)30(EO)13, where Mw and Mn are the weight-averaged and
number-averaged molecular weight, respectively.28 In related
copolymers a minor fraction of water insoluble impurity has
been reported.29-31

Determination of the Phase Boundaries. The samples
were prepared individually by weighing appropriate amounts
of copolymer and p-xylene into 5 mm (i.d.) glass tubes which
were flame-sealed immediately. The sample tubes were cen-
trifuged at 25 °C for a period of several days, repeatingly
alternating the direction of the tubes. The samples were then
left at a given temperature in a temperature-controlled water
bath for at least 6 h (longer times for the low temperatures)
to attain equilibrium. The samples were examined for flow
characteristics and birefringence by inspection between crossed
polarizers at each temperature.

Rheological Experiments. Oscillatory shear measure-
ments were carried out on two concentrations of the (EO)19-
(PO)43(EO)19/p-xylene system (80 and 90 wt % copolymer) using
a Physica UDS 200 rheometer equipped with an automatic
gap setting and a cone and plate geometry (25 or 50 mm
depending on the viscosity). The temperature was controlled
within 0.1 °C with a Peltier system, and the samples were
protected from p-xylene evaporation by using a solvent trap
during the measurement. At each temperature the sample was
checked to be within the linear viscoelastic region where the
dynamic storage modulus, G′, and the loss modulus, G′′, are
independent of the applied stress. Oscillatory measurements
in the frequency range 0.1-100 Hz were then recorded.

Differential Scanning Calorimetry (DSC). The thermal
properties of the copolymer and the solution mixtures were
analyzed with a Mettler TC 10A/TC15 system. Analyses were
made on samples (11-17 mg) contained in sealed aluminum
pans. The measurement started at 25 °C, and then the sample
was cooled to -20 °C and then heated to 50 or 60 °C. The
temperature scan rate was 10 °C/min. One sample (100%
(EO)19(PO)43(EO)19) was also scanned at 1 °C/min. Essentially
no difference compared to the higher scan rate could be
observed.

Structural Characterization Using Small-Angle X-ray
Scattering (SAXS) and Wide-Angle X-ray Scattering
(WAXS). The samples were prepared individually by weighing
appropriate amounts of copolymer and p-xylene into sample
tubes. The SAXS/WAXS measurements were performed on a
Kratky compact small-angle system and a wide-angle system
equipped with position-sensitive detectors (OED 50M from
MBraun, Austria) containing 1024 channels of width 53.6 µm.
Cu KR radiation of wavelength 1.542 Å was provided by a
Seifert ID-300 X-ray generator, operating at 50 kV and 40 mA.
To minimize the scattering from air, the camera volume was
kept under vacuum during the measurements. A Peltier

element controlled the temperature within (0.1 °C. The
sample holder was a 1 mm quartz capillary, and the samples
were filled into the capillary by using a syringe. A 10 µm thick
Ni filter was used to remove the Kâ radiation, and a 1.5 mm
W filter was used to protect the detector from the primary
beam. The sample-to-detector distance was 277 mm. The peak
positions were evaluated from the slit-smeared SAXS data.

1H NMR and 2H NMR. The phase equilibrium was also
investigated by recording 1H NMR and 2H NMR spectra. The
samples were prepared individually by weighing appropriate
amounts of copolymer and p-xylene-d10 into 5 mm NMR tubes
(with approximately 25 mm sample solution) which were
flame-sealed immediately. The NMR experiments were per-
formed on a Bruker CXP 200 spectrometer at a resonance
frequency of 30.7 MHz. The sample was temperature con-
trolled by passing air through the sample holder.

3. Results
Visual Observations. The diagram of the (EO)19-

(PO)43(EO)19/p-xylene system is presented in Figure 1,
plotted as temperature versus the copolymer weight
fraction. The diagram consists of three different regions,
which we have denoted I, II, and III. Samples in region
I are very viscous, slightly turbid, and optically bire-
fringent. When samples in region I are slowly heated,
they suddenly begin to flow at a rather well-defined
temperature. In region II, the samples flow. However,
when viewed between crossed polarizers, they are still
slightly turbid and show optical birefringence. Finally,
if the samples are heated further, the turbidity and
optical birefringence disappear completely, and the
samples become transparent isotropic liquids. This
isotropic liquid region is denoted III. If samples in region
II are left to stand, a macroscopic phase separation is
observed where a low-viscosity liquid phase coexists
with a viscous anisotropic phase. Because of the increase
in the overall viscosity, the time it takes to achieve
macroscopic phase separation increases strongly with
the copolymer concentration. No macroscopic phase
separation could be detected in region II within a week,
above 80 wt % copolymer. Nevertheless, phase separa-
tion was achieved upon centrifugation.

We note here that the solvent-free sample (100%
(EO)19(PO)43(EO)19) also shows a two-phase region. This
is most likely a consequence of impurities in the
copolymer, which is a commercial product.

Figure 1. Diagram of the (EO)19(PO)43(EO)19/p-xylene system.
The symbols represent the following visual observations:
temperature where the sample flows (b) and temperature
where the sample becomes isotropic (2). Three regions are
indicated: region I, an anisotropic region, region II, a two-
phase region, and region III, an isotropic solution region.
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Rheology. The dramatic change in viscosity, when
passing from region I to region II, was confirmed by
oscillatory rheological measurements. Deep into the
anisotropic phase (region I) the samples are elastic.
Here, the storage (G′) and loss (G′′) moduli are es-
sentially frequency-independent within the explored
frequency range (0.1-100 Hz), where G′ . G′′. As a
typical example, Figure 2a shows a frequency sweep of
G′ and G′′ for a sample containing 80 wt % (EO)19(PO)43-
(EO)19 at 10 °C. Note that the value of G′ is very high,
on the order of MPa. In other words, the sample is very
“stiff”. Figure 2b shows the temperature dependence of
G′ recorded at 10 Hz for two samples, 80 and 90 wt %
(EO)19(PO)43(EO)19 in p-xylene, respectively. At 10 °C
the G′ moduli are very high but drop many orders of
magnitude within a few degrees. At a temperature
above 25 °C for the 80 wt % sample and 30 °C for the
90 wt % sample, the samples flow. The drop in G′ in
the vicinity of the transition shows that the transforma-
tion from “stiff” to fluid is sharp.

Differential Scanning Calorimetry (DSC). To
characterize the phase transition (order-disorder) from
the anisotropic to the isotropic phase further, we
performed differential scanning calorimetry (DSC) mea-
surements for a number of samples, crossing the phase
transition. In Figure 3 we show the melting behavior
of three concentrations: 100, 90, and 80 wt % (EO)19-

(PO)43(EO)19 in p-xylene. Two peaks in the DSC curves
are observed for all samples. The high-temperature peak
is related to the anisotropic to liquid transition, and the
broad low-temperature peak corresponds to a process
occurring within the semicrystalline region (region I).

For comparative purposes, we also show a DSC scan
of a sample containing the PEO homopolymer (EO)23
in Figure 3. Thus, it appears that the formation of the
anisotropic phase at lower temperatures and higher
copolymer concentrations is related to the crystallization
of the PEO blocks. The DSC curves do not allow for
measurement of the enthalpy of fusion and thereby to
assessment of the extent of crystallinity. This is due to
the crystal size polydispersity, which is dependent on
the annealing temperature, and the polydispersity of the
copolymer. Below we will investigate the crystallinity
of the anisotropic phase in more detail using small- and
wide-angle X-ray scattering and 1H and 2H NMR.

Wide-Angle X-ray Scattering (WAXS). Studies by
wide-angle X-ray scattering yield information about the
crystal structure and degree of crystallinity, as the
technique probes structures on the length scale 2-5 Å.
The WAXS diffraction patterns at temperatures be-
tween 5 and 40 °C for two concentrations of copolymer
(EO)19(PO)43(EO)19, 100 and 70 wt %, are shown in
Figure 4, parts a and b. For comparison, the scattering
from the (EO)23 homopolymer at 5 °C is shown in Figure
4c. (For indexation of the peaks, see ref 33.) The block
copolymer diffraction patterns show the same wide
angle peaks as the homopolymer, and thus the Bragg
peaks from the copolymer can be indexed to a crystal
structure of the poly(ethylene oxide). Upon increased
temperature, the peak intensity decreases, indicating
a gradual melting of the crystalline order. The peak
intensity from the pure (solvent-free) block copolymer
vanishes at about 35 °C. Increased p-xylene content
decreases the melting temperature.

1H NMR. Polymer chain mobility is different in
amorphous and crystalline regions. The shapes of the
1H NMR spectra are sensitive to this mobility, and
therefore we used the technique to study the amount
of crystallinity of the (EO)19(PO)43(EO)19/p-xylene-d10
system with temperature. The 1H NMR spectra are
characterized by the protons in the copolymer. The 1H
NMR spectra recorded contain in essence two signals:
one from overlapping [-CH2-] and [-CH-] bands and

Figure 2. (a) Frequency sweep of the elastic storage modulus
G′ (O) and the loss modulus G′′ (]) for a sample containing
80 wt % (EO)19(PO)43(EO)19 at 10 °C. (b) The temperature
dependence of G′ recorded at 10 Hz for two samples: 90 wt %
(EO)19(PO)43(EO)19 and 10 wt % p-xylene (0); 80 wt % (EO)19-
(PO)43(EO)19 and 20 wt % p-xylene ([).

Figure 3. DSC melting curves at heating rate 10 °C/min. The
sample compositions from the top are (1) 100% (EO)23, (2) 100%
(EO)19(PO)43(EO)19, (3) 90 wt % (EO)19(PO)43(EO)19 and 10 wt
% p-xylene, and (4) 80 wt % (EO)19(PO)43(EO)19 and 20 wt %
p-xylene.
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one from [-CH3-]. The [-CH2-] + [-CH-] signal is
broad at low temperatures and becomes progressively
resolved at higher temperatures. Figure 5a shows a
selective frequency region of the 1H NMR spectra for
the 90 wt % copolymer and 10 wt % p-xylene-d10 sample.

It is interesting to analyze the area under the NMR
bands since we expect proton signal from crystalline
domains to be very broad. With the proviso that the
exchange rates are slow enough, this system can be
analyzed by recording a superposition of each spectrum
of the exchange of EO segment between the crystalline

and noncrystalline parts, respectively. However, the
resonance from crystalline parts will effectively not
contribute to the measured intensity. The area ratio,
R, between the [-CH2-] + [-CH-] and [-CH3-] does
indeed depend on the temperature. R is plotted as a
function of the temperature for two copolymer concen-
trations, 60 and 70 wt %, respectively, in Figure 5b. At
higher copolymer concentrations the two signals overlap
too much at lower temperatures to allow for an accurate
area analysis. At higher temperatures, in the liquid
phase, where all protons contribute, we find R ) 2.44
and no temperature dependence. This value of R is close
to, but slightly larger than, the value 2.19, which is
expected for our block copolymer composition (EO)19-
(PO)43(EO)19. (R ) 2.44 is consistent with a copolymer
having slightly higher EO content.) At lower tempera-
tures, the R ratio decreases, indicating that the crystal-
linity increases. The amount of crystalline material, A,
in the sample can be calculated from

Figure 6 shows the amount of crystallinity as a function
of temperature, for the compositions 60 and 70 wt %
(EO)19(PO)43(EO)19 in p-xylene-d10. At the lowest tem-
perature the amount of crystalline material corresponds
approximately to 17% of the EO content for the 70 wt
% sample. Increased temperature leads to reduced
amount of crystalline material. Decreased copolymer
concentration is also leading to lowered amount of
crystalline material as well as crystal melting temper-
ature.

Figure 4. WAXS diffraction patterns with varied temperature
between 5 and 40 °C: (a) copolymer (EO)19(PO)43(EO)19, (b)
sample composition 70 wt % (EO)19(PO)43(EO)19 and 30 wt %
p-xylene, and (c) homopolymer (EO)23.

Figure 5. (a) 1H NMR spectra of the 90 wt % (EO)19(PO)43-
(EO)19 and 10 wt % p-xylene-d10 sample at different temper-
atures. (b) The area ratio [-CH2-] + [-CH-] signal to the
[-CH3-] signal, R, as a function of temperature. The sample
compositions are 70 wt % (EO)19(PO)43(EO)19 and 30 wt %
p-xylene-d10 (b) and 60 wt % (EO)19(PO)43(EO)19 and 40 wt %
p-xylene-d10 (2).

A ) 1 - R
2.44

(1)
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2H NMR. 2H NMR, using e.g. a deuterium-labeled
solvent, is a useful technique for probing anisotropy.32

The 2H nucleus has a spin quantum number I ) 1 and
a strong quadrupolar moment. In an isotropic environ-
ment, the quadrupolar interaction can be completely
averaged to zero, and the spectrum consists of a singlet.
On the other hand, in an anisotropic environment, the
quadrupolar interaction is only partly averaged, result-
ing in a splitting into two peaks, a so-called quadropolar
splitting. Here we have used deuterated p-xylene, which
we expect to be primarily located in PPO-rich domains
in the case of a structural segregation into “polar” PEO
domains and “apolar” PPO domains.

2H NMR spectra were recorded for samples with
compositions 70-90 wt % (EO)19(PO)43(EO)19 in p-
xylene-d10. A selective frequency region of the 2H NMR
spectra of the 80 wt % (EO)19(PO)43(EO)19 sample at
temperatures from 0.4 to 33.1 °C is shown in Figure 7a.
The samples were equilibrated for at least 30 min at
each temperature. To be sure that the equilibrium
structure was reached at each temperature, the qua-
dropolar splitting was measured in both melting the
structure by increasing the temperature and then
crystallizing the structure by decreasing the tempera-
ture. Two 2H NMR signals are given from fully deuter-
ated p-xylene: one from the aromatic deuterons and one
from the methyl groups. The aromatic deuterons have
a low order parameter, and quadropolar splittings are
sometimes not resolved. Therefore, we focus on the
larger splittings recorded from deuterons in the methyl
group.

The resulting quadropolar splitting, ∆ν, of the [-CD3-
] peak for all samples studied are shown in Figure 7b.
No two-phase regions with an anisotropic signal and an
isotropic signal coexisting were observed. In the region
I the observed ∆ν becomes progressively smaller with
increasing temperature, and ∆ν ≈ 0 at the border
between region I and II. The ∆ν becomes also relatively
smaller at decreased copolymer concentration.

Small-Angle X-ray Scattering (SAXS). In Figure
8a, we present the small-angle diffraction patterns

Figure 6. Amount of crystallinity, A, determined by 1H NMR
as a function of temperature. The sample compositions are 70
wt % (EO)19(PO)43(EO)19 and 30 wt % p-xylene-d10 (b) and 60
wt % (EO)19(PO)43(EO)19 and 40 wt % p-xylene-d10 (2).

Figure 7. (a) 2H NMR spectra from the 80 wt % (EO)19(PO)43-
(EO)19 and 20 wt % p-xylene-d10 sample at different temper-
atures. (b) The dependence of the quadropolar splitting with
temperature. The samples are shown with the following
symbols: 90 wt % (EO)19(PO)43(EO)19 and 10 wt % p-xylene-
d10 (9); 80 wt % (EO)19(PO)43(EO)19 and 20 wt % p-xylene-d10
([); 70 wt % (EO)19(PO)43(EO)19 and 30 wt % p-xylene-d10 (b).

Figure 8. (a) SAXS diffraction patterns of the (EO)19(PO)43-
(EO)19 copolymer between 5 and 45 °C. The temperature is
given next to each spectrum. (b) The temperature dependence
of the lamellar periodicity, d, for the (EO)19(PO)43(EO)19
copolymer.
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obtained at different temperatures for the copolymer
(EO)19(PO)43(EO)19. The diffraction patterns at temper-
atures <35 °C (i.e., from region I) show two peaks that
are related as 1:2. This is consistent with a one-
dimensional lamellar structure. With increasing tem-
perature, the peaks move to lower q, while at the same
time the overall scattered intensity decreases. For a
lamellar structure, the repeat distance is given by

where q1 is the scattering vector magnitude of the first
reflection. The lamellar periodicity, d, increases signifi-
cantly with increasing temperature, which is shown in
Figure 8b. No peaks are observed in region II and III
(temperatures > 40 °C), indicating that there is no (or
very weak) segregation between the PEO and PPO.

Upon addition of xylene, the peaks also moves to
lower q, showing that the solvent swells the lamellar
structure. The diffraction patterns at 5 °C for copolymer
concentration 80, 90, and 100 wt % are shown in Figure
9a. The lamellar periodicity variations with copolymer
concentration, at two temperatures (5 and 10 °C), are
shown in Figure 9b. The best fit to one-dimensional
swelling (d ∼ φp

-1) is included in the figure.

4. Discussion
In the previous section we have presented results

from a large variety of techniques, probing the behavior
of the (EO)19(PO)43(EO)19 copolymer as a function of
temperature and upon addition of the apolar solvent
p-xylene. The (EO)19(PO)43(EO)19/p-xylene diagram con-
tains two phases in the observed temperature interval,
0-60 °C, separated by a two-phase region. At low
copolymer concentrations, an isotropic liquid solution
phase is formed at all temperatures. At higher copoly-
mer concentrations, the solution phase remains at
higher temperatures, although an anisotropic phase is
formed at lower temperatures.

PEO is a crystallizable polymer, and WAXS data
obtained from the anisotropic phase show the presence
of crystalline PEO. Using SAXS, we find that the long-
range periodic structure is lamellar. Apparently, it is
the crystallization of PEO, which is the driving force
for the formation of the anisotropic phase and the
segregation (structuring) into PEO- and PPO-rich do-
mains. However, the degree of crystallinity is strongly
temperature-dependent in the investigated temperature
interval.

DSC measurements show two melting processes
which are related to the melting of the crystal structure
of the PEO. Concerning the progressive melting of
crystalline PEO domains, we see strong correlation
between the different experimental techniques. The
progress melting is seen as decreased WAXS peak
intensity and recovering of EO proton intensity in the

Figure 9. (a) SAXS diffraction patterns of the (EO)19(PO)43-
(EO)19/p-xylene system at 5 °C. The copolymer composition is
given next to the respectively spectrum. (b) The lamellar
periodicity, d, dependence on (EO)19(PO)43(EO)19 volume frac-
tion, φp, at two temperatures: 5 °C (2) and 10 °C (b).

Figure 10. Schematic drawing of the anisotropic lamellar phase in region I in Figure 1 upon increased temperature. The PPO
block of the copolymer is depicted in gray, and the PEO is depicted in black. The repeated lamellar distance, d, is indicated in the
figure.

d ) 2π
q1

(2)
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1H NMR spectrum. The crystalline fraction is of the
order of 20% at 5 °C, if the 1H NMR data are analyzed
in terms of a two-state model. We note here that the
amount of crystallinity is low, which most likely depends
on the low molecular weight of the PEO. The lower
crystallinity and lower melting points for blocks com-
pared to homopolymers of the same molecular weight
are generally observed and are related to increased
fluctuations in the vicinity of the amorphous block.10

In correlation with the progressive melting, we also
see that the lamellar d spacing increases and the
scattered intensity decreases upon increased tempera-
ture (SAXS). The d spacing is much larger than what
is found in the LR (liquid crystalline lamellar) phase of
the ternary (EO)19(PO)43(EO)19/D2O/p-xylene system at
the same polymer concentration.33 Since the area of the
PEO/PPO interface becomes smaller for crystalline
PEO, a larger d spacing is expected. However, the
observed crystallinity is low; consequently, the large
difference in d spacing, compared to what is found in
the LR phase, is probably due to that not all PEO is
aggregated into the PEO domains contributing to the
lamellar structure. Hence, the PEO concentration in the
PPO domain increases with increasing temperature
leading to (i) increased d spacing due to a reduced
lamellar interfacial area and (ii) decreased scattering
intensity due to reduced scattering length density
difference between PEO and PPO domains. In other
words, the segregation between the PEO and PPO
decreases with increasing temperature due to the
lowered amount of crystalline PEO. The variation with
temperature is illustrated in Figure 10. We note here
that since the melted PEO block is less stretched and
has a larger interfacial area compared to the crystalline
case, we would expect the gradual melting to lead to
decreased d spacing if all the PEO was located in PEO
domains.

We have also investigated the phase behavior of the
(EO)13(PO)30(EO)13/p-xylene system between 0 and 60
°C (to be published).34 The phase behavior is similar to
what is observed for the (EO)19(PO)43(EO)19/p-xylene
system studied here. Hence, the thermal phase behavior
observed in this work seems general for PEO/PPO block
copolymers in selective solvents for the PPO block.

5. Conclusion
The segregation between the polar and the apolar

domain in PEO-PPO-PEO systems depends on the
amount of solvent added. In p-xylene in the melted
condition, adding a small amount of water can induce
micelle formation.28,35 Here, we have demonstrated that
lowering the temperature, where the PEO blocks crys-
tallize, also induces structure. We have also shown that
the degree of crystallinity decreases gradually with
increasing temperature and increasing amount of p-
xylene.
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