
A

p
c
m
P
P
b
m
©

K

1

m
c
[
t
c
m
s
b
c
i
c
a
c
s
r

0
d

Thermochimica Acta 451 (2006) 168–173

Phase behavior and crystallization in blends of a low molecular weight
polyethylene-block-poly(ethylene oxide) diblock copolymer and

poly(hydroxyether of bisphenol A)

Qipeng Guo ∗
Centre for Material and Fibre Innovation, Deakin University, Geelong, Vic. 3217, Australia

Received 26 July 2006; received in revised form 11 October 2006; accepted 11 October 2006
Available online 20 October 2006

bstract

The phase behavior, morphology and crystallization in blends of a low-molecular-weight (Mn = 1400) double-crystalline polyethylene-block-
oly(ethylene oxide) (PE-PEO) diblock copolymer with poly(hydroxyether of bisphenol A) (PH) were investigated by differential scanning
alorimetry, transmission electron microscopy and small-angle X-ray scattering. The symmetric PE-PEO diblock copolymer consists of a PH-
iscible PEO block and a PH-immiscible PE block. However, PH only exhibits partial miscibility with the PEO block of the copolymer in the

H/PE-PEO blends; both macrophase and microphase separations took place. There existed two macrophases in the PH/PE-PEO blends, i.e., a
H-rich phase and a PE-PEO copolymer-rich phase. The PE block of the copolymer in the blends exhibited fractionated crystallization behavior
y homogeneous nucleation. There appeared three crystallization exotherms related to the crystallization of the PE block within three different
icroenvironments in the PH/PE-PEO blends.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In blends comprising a block copolymer and a homopoly-
er, the phase separation of the blend components can be

oupled with the microphase separation of the block copolymer
1,2]. The macrophase separation may take place between
he block copolymer and the homopolymer while the block
opolymer alone can undergo microphase separation and form
icrodomains. There is interplay between the macrophase

eparation and the microphase separation, which therefore
rings about a variety of morphologies. Furthermore, in block
opolymer/homopolymer blends where the block copolymer
s crystallizable, phase behavior and crystallization are very
omplicated, especially in the regime where both macrophase
nd microphase separations can take place. Coupling and

ompetition between macrophase separation, microphase
eparation, and crystallization process would result in the
ichness and complex changes in morphology. However, this

∗ Tel.: +61 3 5227 2802; fax: +61 3 5227 1103.
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ould enable us to create self-assembled structures over a
ariety of length scales and hold the key to the development of
ew structures and advanced devices [3,4].

We report here blends of a double-crystalline polyethylene-
lock-poly(ethylene oxide) (PE-PEO) diblock copolymer and

homopolymer, poly(hydroxyether of bisphenol A) (PH).
he PE-PEO is a low-molecular-weight amphiphilic diblock
opolymer with an average Mn = 1400 and 50 wt.% ethylene
xide content. It has been known that PEO homopolymer is
iscible with PH [5] and there is a favorable hydrogen-bonding

nteraction between PEO and PH [6]. The symmetric PE-PEO
iblock copolymer consists of a PH-miscible PEO block and
PH-immiscible PE block. Thus, the PH would selectively
ix to some extent with the PEO block in the PE-PEO diblock

opolymer without dissolving the PE block. The crystallizable
E block that is immiscible with both PH and the PEO block
ould form separate microdomains in the PH/PE-PEO blends.
This work presents an example of block copolymer/homo-
olymer blend systems containing a double-crystalline diblock
opolymer where the homopolymer is miscible with one
lock but immiscible with the other. The phase behav-
or, thermal properties and crystallization in these block

mailto:qguo@deakin.edu.au
dx.doi.org/10.1016/j.tca.2006.10.009
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Tm(PE) = 106 ◦C, attributable to the crystalline PEO block and
the crystalline PE block, respectively. The Tm1(PEO) substantially
shifts down to lower temperatures with increasing PH content up
to 40 wt.% in the blends. It has been known that PH is miscible
Q. Guo / Thermochimic

opolymer/homopolymer blends are investigated by differential
canning calorimetry (DSC). The morphology of the blends
s examined by transmission electron microscopy (TEM) and
mall-angle X-ray scattering (SAXS).

. Experimental

.1. Materials and preparation of samples

The PE-PEO diblock copolymer, namely, polyethylene-
lock-poly(ethylene glycol), was purchased from Aldrich
hemical Co., Inc. It had an average Mn = 1400 and 50 wt.%
thylene oxide content. The PH sample with an average

w = 40,000 was also a product of Aldrich Chemical Co., Inc.
he PE-PEO and PH, totally 1.0 g, were dissolved in 20 ml chlo-

oform at room temperature to form a 5% (w/v) solution. The
lend samples were cast from the solutions at room temperature.
he residual solvent was removed in vacuum at room tempera-

ure for 2 weeks.

.2. Differential scanning calorimetry

The calorimetric measurements were made on a Perkin-
lmer Pyris 1 differential scanning calorimeter in a dry nitrogen
tmosphere. Indium and tin standards were used for calibration
or low and high-temperature regions, respectively. Samples of
bout 8 mg were placed in the DSC pan. All samples were first
eated to 150 ◦C at a rate of 20 ◦C/min (first heating scan) and
ept at that temperature for 2 min; subsequently they were cooled
t a rate of −20 ◦C/min to detect crystallization (cooling scan).
ollowing the cooling scan, a second scan was conducted at
0 ◦C/min. The midpoint of the slope change of the heat capacity
lot of the second heating scan was taken as the glass transition
emperature (Tg). The crystallization temperature (Tc) was taken
s the minimum of the exothermic peak, whereas the melting
emperature (Tm) was taken as the maximum of the endother-

ic peak. The heat of fusion (�Hf) and the heat of crystallization
�Hc) were evaluated from the areas of the melting and crystal-
ization peaks, respectively. The degree of crystallinity, Xc, was
alculated by the following equations:

c(blend) = �Hf

�H0
f

(1)

c(copolymer) = Xc(blend)

W(copolymer)
(2)

here ΔH0
f is the heat of fusion of 100% crystalline polymer,

is the weight fraction, �Hf is the heat of fusion of the blend
uring the heating scan. The ΔH0

f values used for PE and PEO
re 286 J/g [7] and 205 J/g [8], respectively.

.3. Transmission electron microscopy
For the TEM observation, the as-cast samples of PH/PE-PEO
lends were first melted at 150 ◦C for 2 min and then microtomed
t −80 ◦C with a Leica EMFCS instrument equipped with a dia-
ond knife. The resulting ultrathin sections of 80 nm thickness

F
c

a 451 (2006) 168–173 169

ere picked up on copper grids and stained in the vapor of an
queous solution of RuO4. Stained samples were imaged in a
EOL 1010 transmission electron microscope with an acceler-
ting voltage of 120 kV.

.4. Small-angle X-ray scattering

The SAXS measurements were obtained with a Bruker
anoSTAR instrument using a HR-PHK high resolution pinhole

hamber with high brilliance Cu K� X-rays from Göbel mirrors.
rior to the measurement, the as-cast samples of PH/PE-PEO
lends were first melted at 150 ◦C for 2 min. Two-dimensional
iffraction patterns were collected on a HI-STAR high reso-
ution multiwire detector at room temperature, corrected for
esponse characteristics, and converted into a one-dimensional
ormat (intensity versus q) by azimuthal averaging of the data
q = (4π/λ) sin(θ/2) is the scattering wavevector].

. Results and discussion

.1. Phase behavior and thermal properties

All the PH/PE-PEO blends were subjected to DSC mea-
urement. Fig. 1 shows DSC thermogams of the second scan
f the PH/PE-PEO blends. The PE-PEO diblock copolymer
xhibits two obvious melting points, Tm1(PEO) = 30 ◦C and
ig. 1. DSC thermograms of the second scan of PH/PE-PEO blends after the
ooling scan. The heating rate is 20 ◦C/min.
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shows TEM micrographs for the PH/PE-PEO blends contain-
ing 30, 50, and 60 wt.% PH. It can be seen that these blends
are macrophase-separated, exhibiting characteristics of a bicon-
70 Q. Guo / Thermochimic

ith PEO homopolymer [5,6]. The addition of PH may dilate
he PEO microdomains of the PE-PEO diblock copolymer; the
morphous PH chains can be mixed with the PH-miscible PEO
lock to some extent. Thus, the microphase separated PE-PEO
iblock copolymer can be swollen with PH. When the disso-
ution of PH in the PEO microdomains has reached its limit,
PH-rich macrophase can be separated from the microphase-

eparated PE-PEO diblock copolymer that is swollen with PH.
or the PH/PE-PEO blends with 50 wt.% or more PH, no melt-

ng peak for the PEO block appears. DSC thermogams of the
rst scan (not presented here for brevity) of the as-prepared
H/PE-PEO blends with 50 wt.% or more PH also does not dis-
lay melting peak for the PEO block. This implies that the PEO
lock of the PE-PEO copolymer was completely dissolved in a
H-rich phase in these blends.

It can also be seen from Fig. 1 that melting point of the PE
lock, Tm(PE), remains little affected in the blends even with
E-PEO content down to 10 wt.%, consistent with the immis-
ibility between the PE block and PH. The PE block, which is
mmiscible with both PH and the PEO block, forms a separate

icrophase in the blends. It is interesting to notice that there is a
mall melting peak at 48 ◦C responsible for the PEO block in the
ure PE-PEO copolymer and in the blends with PH content up
o 30 wt.%. The appearance of this small peak is attributable
o recrystallization of the PEO block and the subsequent

elting.
The pure PH exhibits a glass transition, Tg(PH) = 90 ◦C, which

ecomes broad and shifts down to a lower temperature (78 ◦C)
n the blend containing 10 wt.% PE-PEO. This glass transition
isappears in the blends when the content of PE-PEO copoly-
er reaches 20 wt.%. This result indicates the dissolution of

he PEO block of PE-PEO copolymer in the PH-rich phase. The
lass transition for the plain PE-PEO and the blend with 90 wt.%
E-PEO was not detectable under the experimental condition.
owever, the PH/PE-PEO blends containing 20, 30 and 40 wt.%
H clearly display a glass transition in the proximity of −45 ◦C,
ubstantially higher than that of the PEO block which ranges
rom −70 to −60 ◦C [9]. This result implies that some amount
f PH was dissolved in the PEO microphase.

Fig. 2 summarizes all the thermal transition temperatures
rom the second scans as a function of the blend composition.
t clearly displays that the Tm(PE), remains almost unchanged in
he blends with PE-PEO content down to 10 wt.%. Fig. 2 also
llustrates that the melting point of the PEO block, Tm1(PEO),
ubstantially decreases in the blends with increasing PH con-
ent, suggesting that considerable amount of PH was dissolved
n the PEO microphase and that PH and the PEO block are
artially miscible. The melting point depression is a common
henomenon for miscible blends containing one crystallizable
omponent [10,11]. Morphological factors can also influence on
he melting point of the PEO block.

The values of Xc(PE) and Xc(PEO) for the PH/PE-PEO blends
re plotted as a function of blend composition in Fig. 3. The value

f Xc(PE), i.e., crystallinity of the PE block in the blends does not
ecrease even with the copolymer content down to 20 wt.%. The
rystallinity of the PE block is not significantly influenced in the
lends. This phenomenon is due to the immiscibility between

F
b

Fig. 2. Thermal transitions of the second scan of PH/PE-PEO blends.

H and the PE block. However, Xc(PEO) decreases drastically
ith decreasing PE-PEO content, and the PEO block no longer

rystallizes under the experimental condition when the PE-PEO
opolymer is less than 60 wt.% in the blends. The crystallization
rocess of the PEO block is remarkably hindered in the blends.
his is due to the partial miscibility of the PEO block with PH
nd the much higher Tg of PH (90 ◦C) than that of PEO block
−70 to −60 ◦C).

The PH/PE-PEO blends were characterized by TEM. Fig. 4
ig. 3. Xc(PE) (�) and Xc(PEO) (�) vs. PE-PEO weight fraction of PH/PE-PEO
lends.
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O blends. The specimens for TEM observation were stained with RuO4 vapor.
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diblock copolymers are microphase-separated at room tem-
perature [14–17]. It can be seen from Fig. 5 that the long
spacing increases with PH content up to 30 wt.% in the PH/PE-
PEO blends, indicating that the microphase-separated PE-PEO
diblock copolymer was swollen with PH. The addition of PH
dilated the PEO microdomains of the PE-PEO diblock copoly-
mer, presumably through the incorporation of PH within the
polar PEO microdomains. The long spacing reaches a max-
imum at 17.9 nm for the 30/70 PH/PE-PEO blend, imply-
Fig. 4. TEM micrographs of (a) 30/70, (b) 50/50, and (c) 60/40 PH/PE-PE

inuous phase structure. There exist two macrophases, i.e., a
H-rich phase and a PE-PEO copolymer-rich phase. The phase
hich looks black can be considered as the PH-rich phase, i.e.,
ainly composed of PH, which is preferentially stained with
uO4 due to the aromatic moieties in the main chain [12,13].

SAXS measurements have been performed for the plain
E-PEO and the PH/PE-PEO blends to characterize their
icrophase structures. For the plain PE-PEO, the SAXS scat-

ering peak is centered at a value of the scattering vector q

orresponding to a long spacing of 12.7 nm (Fig. 5), which rep-
esents the average spacing between the neighboring PE and
EO microdomains. Previous studies have shown that the sym-
etric low-molecular-weight (Mn = 1400 and 2100) PE-PEO

ig. 5. SAXS patterns of PH/PE-PEO blends as a function of composition. The
cattering vector q = (4π/λ) sin(θ/2), where λ = 0.154 nm is the wavelength and
the scattering angle.

ing that the dissolution of PH in the PEO microdomains had
reached its limit and that there could have appeared a PH-rich
macrophase aside from the swollen microphase-separated PE-
PEO. This result is in agreement with the TEM observation
that the 30/70 PH/PE-PEO blend was macrophase-separated
and composed of a PH-rich phase and a PE-PEO copolymer-
rich phase. The scattering peaks for the blends with 60–30 wt.%
PE-PEO remain less affected, corresponding to a long spac-
ing ranging from 17.2 to 18.1 nm ascribed to the microphase-
separated PE-PEO-rich phase swollen with PH. The SAXS
patterns for the blends with 20 and 10 wt.% PE-PEO are
featureless.

From the DSC, TEM and SAXS results, it is clear that PH
exhibits partial miscibility with the PEO block of the copolymer
in the blends. The PH/PE-PEO blends exhibit a two-macrophase
structure, i.e., a PE-PEO copolymer-rich phase composed of
microphase-separated PE-PEO copolymer swollen with PH and
a PH-rich phase composed of PH matrix dispersed with PE-
PEO copolymer. It is noted that the present results are different
from our earlier findings in diblock copolymer/thermoset blends
of PE-PEO and bisphenol-A-type epoxy resin [14]. The latter
has a chemical structure similar to that of PH; PH is actually
the corresponding linear high-molecular-weight homopolymer
of the bisphenol A-type epoxy resin. The cured epoxy resin/PE-
PEO blends were nanostructured and macrophase separation did
not occur. It has been shown that the crosslinking of the epoxy
resin plays a significant role in preventing macroscopic phase
separation in the cured epoxy resin/PE-PEO blends [14] and
in the cured epoxy resin blends with other PEO-based block
copolymer [18,19].
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It is interesting to compare the present system with the type
-B/A systems where A-B is a diblock copolymer with one
lock consisting of monomers of type A and the other block of
ype B and where A is a homopolymer with monomers of type
, i.e., the repeat unit of the homopolymer is the same as that
f the A block in the A-B diblock copolymer. For an A-B/A
iblock copolymer/homopolymers blend, interaction parameter
between one block and its homopolymer is 0 from the view-

oint of the wet-brush/dry-brush behavior [20]. In general, the
ype A-B/A blends have been shown to have different behavior
epending on the relative molecular weight of the homopolymer
compared to the molecular weight of the block A of the diblock

opolymer. It has been shown that when the homopolymer A
s longer than the block A of the diblock, dry brush behav-
or is observed, and when it is shorter, wet-brush behavior is
bserved. In the present system, PH is 57 times larger than the
EO block in its molecular weight (and molecular size), i.e., the
H chain is much longer than the PEO block of the PE-PEO,
eemingly suggesting an extremely dry-brush behavior. How-
ver, there is a favorable hydrogen-bonding interaction between
he PEO and the PH which makes χPEO,PH < 0; the determina-
ion of the interaction parameter χPEO,PH yielded the rather large
egative value of −0.94 [21] or −0.74 [22]. This then allows a
et-brush and limited solubility of the PH in the PEO block.
he favorable hydrogen-bonding interaction imparts the partial
iscibility between the PH and the PEO block, which changes

he behavior of the corona PEO chains from that of dry-brush to
et-brush behavior against the PH.

.2. Crystallization during the cooling

Fig. 6 shows DSC thermograms of the cooling scan for the
H/PE-PEO blends at a cooling rate of−20 ◦C/min from 150 ◦C.
ll the samples were molten at 150 ◦C for 2 min to remove the

hermal history prior to the cooling scan. The pure PE-PEO
opolymer displays a crystallization peak, Tc(PEO), at 10 ◦C,
ttributable to the crystallization of the PEO block. This crystal-
ization peak, Tc(PEO), shifts to lower temperatures in the blends
ith increasing PH content. For the 30/70 PH/PE-PEO blend,

his crystallization peak becomes very small and shifts down to
12 ◦C, indicating a reduced crystallization rate. There is no

rystallization exotherm of the PEO block during the cooling
can for the blends containing 60 wt.% or less PE-PEO copoly-
er. The overall crystallization rate of PEO block of PE-PEO

opolymer in the blends decreases substantially with increasing
H content, which can be ascribed to the dissolution of the PEO
lock in PH and the much higher Tg of PH (90 ◦C) compared
o that of PEO (−70 to −60 ◦C). The crystallization behavior
f the PH-miscible PEO block in the blends is as expected for
rystallizable/miscible blends.

The pure PE-PEO copolymer displays a major crystalliza-
ion peak for the PE block, Tc1(PE), at 92 ◦C, which does not
hift to lower temperatures in the blends with PE-PEO content

own to 40 wt.%, then drops abruptly to much lower tempera-
ures (73 and 70 ◦C) at 30 and 20 wt.% PE-PEO compositions.
he relative intensity of this crystallization peak substantially
ecreases with decreasing PE-PEO content. Finally, this major

D
a
h
d

ig. 6. Crystallization curves of PH/PE-PEO blends during the cooling at
20 ◦C/min. All samples were first heated to 150 ◦C and kept at that temperature

or 2 min to remove the thermal history.

rystallization peak disappears when the PE-PEO content is fur-
her down to 10 wt.%. It is also noted that a small crystallization
eak, Tc3(PE), appears on the low temperature side (61 ◦C) for the
lend with 70 wt.% PE-PEO, indicating that the crystallization
f a small amount of the PE block was performed at a greatly
educed rate in the blends. This crystallization peak does not
ignificantly shift to lower temperatures in the blends even with
E-PEO content down to 10 wt.%; its value only slightly varies
etween 54 and 61 ◦C. The relative intensity of this crystalliza-
ion peak however gradually increases with decreasing PE-PEO
ontent and finally becomes the dominated one at the lowest
E-PEO concentrations. For the blends at the mid-compositions
f 40/60, 50/50 and 60/40 PH/PE-PEO, there appears another
mall crystallization peak, Tc2(PE), at about 65 ◦C intermediate
etween the crystallization peaks Tc1(PE) and Tc3(PE).

The existence of more than one crystallization exotherm
s known as fractionated crystallization [23,24]. It has been
bserved that fractionated crystallization can occur in droplets
r dispersed domains of crystallizable polymers in low molecu-
ar weight media [23–25], in block copolymers [26–28], and in
olymer blends [23–25,29–33]. For fractionated crystallization
o take place, the polymer melt must be dispersed finely enough
hat the number of dispersed domains is significantly greater
han the number of heterogeneities that are active at low super-
oolings [23]. As a result, most of the dispersed domains contain
ither less efficient heterogeneities or no heterogeneities at all.

ispersed domains or droplets for homogeneously nucleation

re usually very small; crystallization of dispersed domains by
omogeneous nucleation will occur if the number of dispersed
omains is greater than the number of active heterogeneities
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riginally present in the bulk polymer [34,35]. It has been
hown that the lowest crystallization exotherm with the largest
upercooling is usually associated with homogeneous nucleation
23–25].

For PE homopolymer, the lowest crystallization exotherms
eported for homogeneous nucleation are in the temperature
ange between 67 and 70 ◦C [32]. In the present case, the appear-
nce of fractionated crystallization, i.e. the presence of three
rystallization exotherms can be ascribed to the crystallization
f the PE block in three different microenvironments in the
H/PE-PEO blends. Tc1(PE), the major crystallization peak at
bout 106 ◦C, is due to heterogeneous nucleation of the PE block
f the PE-PEO copolymer. The crystallization is highly coop-
rative among the PE microdomains. Tc2(PE), the crystallization
eak in the proximity of 65 ◦C, represents another crystalliza-
ion process of the PE block in the blends. This crystallization
rocess can be ascribed to the PE microdomains in the PE-PEO
opolymer-rich phase where the crystallization of the PE block
s hindered but not highly restricted in the PE microdomains.
c3(PE), the lowest one intermediate between 54 and 61 ◦C is
elated to homogeneous nucleation, which is attributable to the
ndividual microdomains of the PE block. The PE block is
mmiscible with both PH and the PEO block and thus may form
eparate microdomains individually dispersed in the PH-rich
hase. The crystallization of the PE block is largely confined
ithin these individual PE microdomains. However, only a sin-
le melting endotherm was observed in the subsequent heating
hermogram (see Fig. 1) regardless of whether the PE block crys-
allized by homogeneous or heterogeneous nucleation, which is
s expected for fractionated crystallization.

. Conclusions

From the results presented above, it can be concluded that PH
as partial miscibility with the PEO block of PE-PEO copolymer
n the PH/PE-PEO blends. Both macrophase and microphase
eparations took place. There existed two macrophases in
he PH/PE-PEO blends, i.e., a PH-rich phase and a PE-PEO
opolymer-rich phase. Fractionated crystallization behavior by
omogeneous nucleation was observed for the PE block of the
opolymer in the blends. The appearance of three crystallization
xotherms is attributable to the crystallization of the PE block
n three different microenvironments in the PH/PE-PEO blends.
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