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Poly(ethylene oxide) (PEO), soluble in both aqueous and organic solvents,
is one of the most intriguing polymers. PEO solution properties have been extensively
studied for decades; however, many of the studies have focused on speciﬁc properties,
such as clustering, of PEO in aqueous solutions, and the behavior of PEO in organic
solvents has not been adequately explored. The results presented here demonstrate
that PEO crystallizes into a lamellar structure in ethyl alcohol after the mixture is
quenched to room temperature from a temperature above the crystal melting point.
Above the melting temperature, PEO completely dissolves in ethyl alcohol, and the
mixture exhibits regular polymer solution thermodynamic behavior with an upper
critical solution temperature (UCST) phase diagram. Remarkably, the UCST phase
boundary is signiﬁcantly below the melting temperature, and this indicates that the
system undergoes a crystallization process before the phase separation can occur
upon cooling and, therefore, possesses an unusual phase transition. The phase transition from the crystalline state to the miscible solution state is reversible upon heating
C 2005 Wiley
or cooling and can be induced by the addition of a small amount of water. V
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INTRODUCTION
Poly(ethylene oxide) (PEO), a semicrystalline polymer and a unique member of the polyepoxides
{[(CH2)mO]n with m ¼ 2}, is soluble in both aqueous and organic solvents1,2 and is, thus, one of
the most intriguing polymers whose solution properties have been extensively studied3–20 both
experimentally3–11,17–20 and theoretically12–16 for
decades. Recently, there has been a large amount
of research interest in the PEO/water system.
This interest is due to the similarity of the basic
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interactions (hydrogen-bonding and hydrophobic
interactions) involved in PEO/water and protein/
water systems. The PEO/water system is a simple
model system (synthetic analogue) for studying
fundamental biomolecular interactions in which
hydrogen-bonding and hydrophobic interactions
play important roles, such as protein folding and
stabilization. Consequently, most of the studies
have been focused on PEO aqueous solutions,3–16
and relatively few attempts 7,17–20 have been conducted to examine the properties of PEO in
organic solvents.
It has been reported that PEO dissolves in
methanol in forms of single molecules and clusters,18 whereas it crystallizes in toluene and N,Ndimethylacetamide.20 The understanding of the
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behavior of PEO in organic solvents is still incomplete, and so it would be interesting and important to perform systematic studies on mixtures of
PEO and organic solvents. In addition, our previous studies on the clustering of PEO in water9–
11
have led us to explore the solution properties of
PEO in conventional organic solvents, such as
methyl alcohol (methanol), ethyl alcohol (ethanol), benzene, chloroform, and xylene. Among the
solvents studied, the mixture of PEO and ethanol
exhibits rather unusual and unique phase behavior, which is the subject of this article, observed
with differential scanning calorimetry (DSC),
small-angle neutron scattering (SANS), and confocal optical microscopy techniques.

EXPERIMENTAL
To enhance the neutron contrast,21 protonated
linear PEO [HO(CCO)nCH3], possessing a weight-average molecular weight (Mw) of
90,000 g/mol and a number-average molecular
weight (Mn) of 83,000 g/mol, with a mass density
of 1.13 g/cm3 (Polymer Source, Inc.),22 was dissolved in fully deuterated anhydrous ethanol
(C2D5OD or ETOD; Cambridge Isotope Laboratories)22 at about 70 8C overnight, and this was followed by the quenching of the mixture to room
temperature (ca. 23 8C) before the SANS measurements. The overlap concentration23 was C*
3
¼ Mw/(4pRG
NAv/3) & 0.013 g/mL, where RG
& 141 Å is the radius of gyration of the PEO
chains8 and NAv is Avogadro’s number.
SANS measurements over the wave vector (q)
range of 0.0034–0.4415 Å1, with k ¼ 6 Å and Dk/
k ¼ 0.15, were carried out with the NG3 30-m
SANS instrument at the National Institute of
Standards and Technology Center for Neutron
Research.24 The scattered intensity was corrected
for background and parasitic scattering, placed
on an absolute scale with a calibrated secondary
standard, and then circularly averaged to yield
the scattered intensity, I(q), as a function of q,
where q ¼ (4p/k)sin(h/2) (h is the scattering
angle).25 The incoherent background from the
pure solvent was measured, corrected by the volume fraction displaced by the dissolved PEO, and
subtracted from the reduced SANS data. The
data points in the q range from about 0.35 to
0.42 Å1 were then averaged to yield the estimated incoherent background from PEO in the
sample, which was subtracted from the data as
well.

Figure 1. DSC results from neat PEO and a mixture of 4 wt % PEO in ETOD upon heating and cooling, demonstrating that the PEO/ethanol mixture also
undergoes crystallization and possesses a phase transition.

RESULTS AND DISCUSSION
PEO does not dissolve in ethanol at room temperature (ca. 23 8C) initially. However, mixing at
70 8C for about 30 min, the mixture became a
transparent solution, and this indicated that
PEO completely dissolved in ethanol. Upon the
quenching of the solution to room temperature
for about 15 min, surprisingly, PEO did not simply precipitate from the solvent but formed a uniform, white, pastelike solid, which suggested that
PEO formed a new phase in ethanol instead of
recovering its initial format. Visually, the pastelike sample turned into a transparent solution
again upon reheating to about 40 8C. DSC results
shown in Figure 1 attest that the mixture of PEO
in ethanol is crystalline under ambient conditions. Both the heating and cooling rates were
2 8C/min. The melting temperature (Tm) of the
mixture is about 58 8C upon heating, whereas the
mixture starts crystallizing at about 43 8C when
cooling (Fig. 1). In contrast, Tm is about 66 8C for
neat PEO, in good agreement with the literature
value.1 Confocal optical microscopy images of the
same sample given in Figure 2, for instance, show
that the crystalline structure that forms in the
sample after quenching to room temperature
from 70 8C is network-like over a micrometer
length scale. As viewed under the microscope, the
network-like structure vanishes rapidly at about
40 8C and reforms during cooling. These observations show that a phase transition does exist in
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Figure 2. Confocal optical microscopy image of a 4 wt % PEO/ETOD sample at
23 8C. The picture, taken about 28 lm beneath the sample surface, shows that network-like crystalline structures are formed in the sample after the quenching of welldissolved PEO in an ethanol solution from a relatively high temperature (ca. 70 8C)
to 23 8C. The bright spots in the picture are voids (air bubbles) in the sample. The
bar corresponds to a length scale of 20 lm.

the system and that the behavior is reversible
upon heating and cooling.
It is also interesting to note that a PEO/ethanol mixture at a concentration of 2 wt % PEO or
higher, which is above C*, will not deform even
after being shaken strongly at room temperature;
this is an indication of the signiﬁcant strength of
the crystallized mixture. Also, no residual ethanol was observed in a mixture of PEO and ethanol
at a PEO concentration  2 wt %, and this suggests that the crystallized particles/units occupy
the entire volume of the solution.
To quantitatively characterize the phase
behavior as well as the corresponding structure,

SANS experiments were conducted on mixtures
of PEO and ETOD at PEO concentrations ranging from 0.5 to 20 wt % and at temperatures ranging from 23 to 75 8C. The samples were allowed to
reach equilibrium for about 40 min at each temperature before being measured by SANS.
SANS proﬁles from the PEO/ETOD mixtures
at a variety of concentrations at 23 and 45 8C,
provided in Figure 3(a,b), respectively, clearly
demonstrate the existence of the phase transition. At 23 8C, according to the peaks seen at q
> 0.03 Å1, the proﬁles conﬁrm that the structures seen by optical microscopy are crystalline in
all the samples. The mixtures at 45 8C exhibit a
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surements of the mixtures, whereas the thickness
of the core and layer and the d-spacing between
two platelets are on the nanometer scale. A simple term of A/qm, where A is a ﬁtting parameter,
is linearly added to the model to describe the lowq slope in Figure 3(a), varying from about 3.0 to
3.5 with increasing concentration, corresponding to the network-like structure on a larger
length scale (Fig. 2), which perhaps is further
formed by the (relatively local) lamellar crystalline structures (Fig. 4), and indicating that
the surface roughness21 of the entire crystalline structure decreases with increasing concentration. The neutron scattering length density
(NSLD) was calculated to be 6.07  106 and
0.64  106 Å2 for ETOD and PEO, respectively.
During the ﬁtting, the NSLD of the ETOD core was
ﬁxed, whereas it was ﬂoating for the PEO layers.

Figure 3. SANS proﬁles from PEO/ETOD samples
with a variety of PEO concentrations. (a) At 23 8C, all
the samples possess crystalline structures, with a low-q
slope varying from about 3.0 to 3.5 with increasing
concentration. The solid curve is the lamellar model ﬁt
to the data. The proﬁles are vertically offset for clarity.
(b) At 45 8C, the samples exhibit a regular linear polymer solution behavior thermodynamically, with a highq slope of about 5/3; this indicates that ethanol is a
good solvent for PEO. All the concentrations denote the
PEO fraction by weight.

regular polymer solution behavior of linear selfavoiding coils with an excluded volume effect in a
good solvent21,26 on the basis of the observed
high-q slope of about 5/3.
The solid curve in Figure 3(a) represents the
corresponding ﬁt to the data with the model of
stacked core/layer platelets,27 as illustrated in
Figure 4. In this case, the core containing mainly
ethanol is constrained between two layers of crystalline PEO in a single platelet. The platelets further stack together and form a lamellar structure. The lateral dimension of the platelet is on
the order of micrometers on the basis of the ultrasmall-angle neutron scattering (USANS)28 mea-

Figure 4. Schematic of the stacked core/layer platelets. The core contains ethanol, whereas the layer is
crystalline PEO, forming a lamellar structure locally
and a network-like structure on a larger length scale.
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The results obtained from the model ﬁttings
[Fig. 5(a)] show that the PEO layer thickness signiﬁcantly increases, whereas the ethanol core
thickness slightly increases, with increasing PEO
concentration because of more PEO and fewer
ethanol molecules being present in the mixture
with increasing PEO concentration. Therefore,
the d-spacing of the lamellar structure (total
thickness of a platelet) linearly increases with
increasing PEO concentration, as demonstrated

Figure 5. (a) Results regarding the thickness of the
core, layer, and d-spacing revealed from the model ﬁts
given in Figure 3(a). The dashed line is a linear ﬁt to
the d-spacing data points. (b) Ratio of the total layer
volume to the total volume within an individual core/
layer platelet calculated from the ﬁtting versus the
corresponding PEO concentration (volume fraction).
The ratio was expected to be similar or identical to its
corresponding PEO volume fraction (the dashed line).
A signiﬁcant deviation from the expected value implies that the crystalline-layer section contains both
PEO chains and ethanol molecules.
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in Figure 5(a). Another intriguing point is that
the ratio of the total layer volume to the total volume within an individual platelet, expected to be
identical or similar to the corresponding PEO volume fraction in the mixture, dramatically deviates from its expected value (the dashed line)
with increasing PEO concentration, as shown in
Figure 5(b). In addition, the NSLD of the PEO
layer section varies from about 1  106 to 3
 106 Å2 with increasing PEO concentration.
This implies that the crystalline-layer section
contains not only crystalline PEO but also a signiﬁcant number of ethanol molecules.
The chemical structures of PEO monomers
[(CH2CH2O)] and ethanol molecules (H
CH2CH2OH) are similar. This similarity in the
molecular structure at the monomer level makes
ethanol a good solvent for PEO at a temperature
above Tm in the miscible solution state, in which
the PEO chains are essentially surrounded by
ethanol molecules possessing a very similar chemical structure and a favorable interaction. Initially, PEO does not dissolve in ethanol at room
temperature. Upon quenching, the PEO molecules
would prefer to separate from the solvent but cannot because those PEO monomers and ethanol
molecules cannot distinguish from each other; as
a result, the PEO chains are frustrated and have
no choice but to form crystalline structures when
there are still some ethanol molecules present in
the adjacent regions. Perhaps this is why the
layer section consists of both ethanol and crystalline PEO; that is, some ethanol is conﬁned by
crystalline PEO within the layer.
Upon heating, the PEO/ethanol mixtures
undergo a crystal melting process, as demonstrated in Figures 1 and 6(a). The local lamellar
structure, represented by the high-q peaks [Fig.
6(a)], vanishes rapidly, whereas the long-range
network structure persists with increasing temperature. Tm of the mixture can be estimated as
the temperature at which the high-q slope
reaches 5/3, corresponding to linear self-avoiding coils completely dissolved and fully swollen in
a good solvent. Tm can then estimated to be about
37, 39, 40, and 41 8C for the mixtures of PEO/
ETOD with 1, 4, 10, and 20 wt % PEO, respectively, and this is in good agreement with the visual and microscopy observations.
Proﬁles at T  45 8C in Figure 6(b), with the
coherent scattered intensity, I(q), decreasing with
increasing temperature, indicate that PEO/ethanol
solutions possess an upper critical solution temperature (UCST) behavior29 thermodynamically;
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Figure 6. SANS proﬁles from a 10 wt % PEO/ETOD
sample at a variety of temperatures. (a) The sample
undergoes a crystal melting process from about 23 to
40 8C. The local structure, corresponding to the feature
at relatively high q, vanishes rapidly, whereas the
long-range (network) structure, reﬂected by the low-q
proﬁle, persists with a correlation length that increases with increasing temperature. (b) The sample
exhibits regular polymer solution behavior at T
 45 8C. The dashed curve through the proﬁle at T
¼ 45 8C, for instance, is the Ornstein–Zernike model
ﬁt to the data, yielding the value of I(0) at the intercept.

that is, the solution approaches the two-phase
regime upon cooling. Fitting the data points at
about q  0.01 Å1 to the Ornstein–Zernike equation21,26 [dashed curve in Fig. 6(b)], I(q) ¼ I(0)/(1
+ q2n2), where n denotes the average correlation
length between the polymer coils, yields the value
of I(q) at q ¼ 0, that is, I(0), at each temperature.
I(0) is directly related to the second derivative of
the free energy of mixing, DGm, in a binary polymer system20,25 as 1/I(0) ¼ @ 2DGm/@/2, where / is
the polymer concentration. On the phase boundary, 1/I(0) ¼ @ 2DGm/@/2 ¼ 0. Thus, in a plot of 1/
I(0) versus 1/T (T in kelvins), extrapolating the

data points to 1/I(0) ¼ 0 yields the phase-separation (spinodal) temperature (Ts) for each concentration. In Figure 6(b), the upturn seen at low q,
which is absent in the proﬁles from lower concentrations under the same conditions, is mainly due
to the clustering behavior of PEO in a concentrated solution.9
Figure 7 plots the Tm and Ts values obtained
from the SANS measurements at each PEO concentration (volume fraction). The UCST phase
boundary is signiﬁcantly lower than the average
Tm value of 40 6 1 8C, indicating that the system
starts to crystallize before the phase separation
can occur upon cooling; that is, the UCST phase
boundary is inaccessible thermodynamically. Ts
in the UCST phase diagram shown in Figure 7 is
relatively low, particularly at low PEO concentrations, because ethanol is a good solvent for PEO,
as discussed previously.
Adding even a small amount of water to the
PEO/ethanol system signiﬁcantly affects the crystalline structure and the corresponding phase
behavior (Fig. 8). The PEO/ETOD/D2O mixtures
were prepared through the same procedure introduced earlier in this article. ETOD and D2O were
mixed at the desired compositions before blending with PEO. The lamellar d-spacing increases
and the high-q slope approaches 5/3 with an
increasing amount of water (from ETOD/D2O
100/0 to 97/3 w/w) in the system. At the ETOD/
D2O composition of 96/4 (w/w), the mixture dra-

Figure 7. UCST phase diagram of PEO/ETOD. The
open circles denote Ts obtained from the SANS data
ﬁtting and extrapolation, whereas the solid triangles
represent the observed crystal Tm values from the
SANS measurements at each concentration studied.
The dashed line corresponds to the average Tm value
of 40 6 1 8C.
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mer, respectively. These ETOD/D2O compositions
bracket the expected value of 2 water molecules
per PEO monomer, corresponding to a critical
ETOD/D2O composition of about 96.2/3.8 (w/w).

CONCLUSIONS

Figure 8. SANS proﬁles from samples of 4 wt %
PEO in mixtures of ETOD/D2O at a variety of compositions by weight at 23 8C, demonstrating that adding
even a small amount of water to the PEO/ethanol system signiﬁcantly affects the crystalline structure. At
the composition of 96/4 (w/w) ETOD/D2O, the mixture
dramatically recovers the regular linear polymer solution behavior, and this indicates that the phase transition from the crystalline state to the solution state
can be induced by the addition of water. The legend
indicates the ratio of ETOD/D2O by weight.

matically recovers the regular linear polymer
solution behavior at 23 8C, and this indicates that
the phase transition from the crystalline state
to the solution state can be induced by the addition of water as well as an increase in the temperature.
It has been shown that PEO chains interact
with water molecules via hydrogen bonding.6,9,14–
16
A recent topological analysis of the water and
PEO system16 predicts a coil of water molecules
around the PEO chain where a water molecule
forms a hydrogen bond with each of the two lone
pairs of electrons on each of the PEO ether oxygens. Ethanol forms much weaker hydrogen bonds
than water. Therefore, it is reasonable to consider
that the water molecules added to a PEO/ethanol
mixture preferentially form hydrogen bonds with
the PEO chains, resulting in the change observed
in the crystalline structure formed by PEO as a
function of the water amount added, as illustrated
in Figure 8. Once the backbone of a PEO chain has
a full complement of hydrogen-bonded water molecules, it loses its ability to crystallize, and consequently, the PEO/ETOD/D2O mixture behaves as a
regular polymer solution. For 4 wt % PEO, solvents
of 97/3 and 96/4 (w/w) ETOD/D2O correspond to
about 1.6 and 2.1 D2O molecules per PEO mono-

The ﬁndings presented in this article demonstrate that PEO crystallizes and forms a lamellar
structure locally as well as a network-like structure on a large length scale in ethanol when a
well-mixed solution is quenched at a temperature
higher than the crystal Tm value to room temperature. The thermodynamic phase diagram extrapolated from the PEO/ethanol solutions at
temperatures equal to or higher than 45 8C shows
a UCST, which is about 30 8C below the average
Tm of about 40 8C and, therefore, is not accessible
experimentally. The phase transition from the
crystalline state to the miscible solution state is
reversible upon heating or cooling and can be
induced by the addition of water. Extensive studies on the effects of water on the PEO/ethanol system are in progress, and the results will be
reported in a future publication.
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