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Abstract

The crystallization morphology and the melting behavior of the phase-separating poly(e-caprolactone) (PCL) and poly(ethylene oxide) (PEO)
blends were studied using atomic force microscopy. Two blends consisting of PCL and PEO with weight ratios of 10/90 and 90/10 were prepared
to form the isolated spherical domains by the phase-separating process. The results show that the melting temperatures of the PCL and PEO
lamellae in the confined domains increased as the lamellar length increased, and the melting behavior of the PCL and PEO lamellae in the matrix

and confined domains was also studied.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Numerous studies on binary polymer blends can be found
in the literature [1—17]. In particular, binary blends of two
crystallizable polymers have a wide variety of interesting
phase morphologies and complicated crystallization behavior
[4—10]. The properties of the blends of two crystallizable
polymers depend on the miscibility of the components as
well as on their crystalline superstructures and phase morphol-
ogies. When a semi-crystalline polymer is finely dispersed in
an immiscible matrix, isolated droplets of the semi-crystalline
polymer of different sizes may form, providing opportunities
to study the crystallization of the polymer in confined systems.
Examples include the crystallization within the dispersed
droplets in immiscible polymer blends [18—20], the
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microphase-separated block copolymers [21—29] and the
dewetting of ultrathin films [30—35]. Most previous studies fo-
cused on crystallization behaviors, such as the size-dependence
of the nucleation and the crystallization rates. The melting
behaviors of poly(ethylene oxide) (PEO) in the nano-sized
spheres of a poly(butadiene-b-ethylene oxide) copolymer
were studied by Reiter et al. using atomic force microscopy
(AFM) [26]. They observed a distribution of melting tem-
peratures across the individual PEO spheres. For example,
the 12-nm PEO spheres melted at about 45 °C, which is about
20 °C lower than the PEO bulk melting temperature. They
suggested that the difference in the melting temperature could
be attributed to the different degrees of perfection of the crys-
tals. Despite many previous studies, the influence of geometri-
cal confinement on polymer crystal melting is not yet fully
understood. In this study, we report the change in the melting
temperature of lamellae of poly(e-caprolactone) (PCL)/PEO
blends crystallized in nano-sized confined domains by high-
temperature AFM. The nano-sized domains in the blends
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were obtained by controlling the blend composition and the
phase-separating process.

2. Experimental section

Both PCL (M, = 8.0 x 10* gmol™') and PEO (M,, =
1.0 x 10° gmol™!) used in this study were purchased from
Sigma—Aldrich Co. Solutions of the blends of PCL/PEO
with weight ratios of 10/90 and 90/10 were prepared in chlo-
roform. The blend solutions (10 mgml™") were dropped on
clean glass substrates at room temperature and dried under
a vacuum for 24 h. The sample was melted at 80 °C in
a Linkam LTS350 hot stage and held at that temperature for
5 min, then quenched to the desired crystallization tempera-
ture, at which the samples were held for a specified time.
The thickness of the films was around 0.5 um. The AFM ob-
servations were performed with a Nanoscope III MultiMode
scanning probe microscope (Digital Instruments, Santa Bar-
bara, California) equipped with a hot stage accessory. The de-
tailed experimental conditions of high-temperature AFM can
be found elsewhere in the literature [36,37]. The AFM images
were obtained in the tapping mode using silicon tips (TESP,
Digital Instruments) with a resonance frequency of approxi-
mately 300 kHz and a spring constant of about 40 Nm™'.
Both the height and phase images were taken simultaneously.

3. Results and discussion

PCL and PEO are semi-crystalline polymers with bulk
melting temperatures of about 60 and 67 °C, respectively. In
the bulk, neat PEO and PCL exhibit lamellar morphologies
when crystallized at 0 °C (cf. Fig. 1). The difference in the la-
mellar structures and lamellar thicknesses of PEO and PCL
can be easily seen in the AFM phase images. As shown in
Fig. la, a spherulite of PEO mainly consists of short edge-
on lamellae with a wheat-like morphology. The average lamel-
lar thickness was measured to be about 14 +2 nm. Fig. 1b
shows a spherulite of PCL, which consists of fibrillar bundles
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that are made up of long and continuous edge-on lamellae.
The average lamellar thickness is about 9 &2 nm which was
determined using AFM height images.

When a film of the PCL/PEO (10/90) blend was heated to
80 °C, which is above the melting temperatures of both PCL
and PEO, liquid—liquid phase separation occurred, as shown
in Fig. 2a. The PEO formed the continuous matrix while the
PCL was found in the dark isolated domains. Isolated PCL
droplets, with sizes ranging from tens to hundreds of nanome-
ters, were dispersed in the PEO matrix. The study of the PCL/
PEO blends with a series of ratios suggested that the PEO
became the dispersed phase when its weight fraction was
lower than 50%.

After being crystallized at 0 °C for 30 min, lamellar struc-
tures of the continuous PEO phase and the dispersed PCL
phase developed, as shown in Fig. 2b. The PCL lamellae,
which were crystallized in the isolated domains with diameters
in tens to hundreds nanometers were confined by the PEO la-
mellae. The average PCL lamellar thickness, measured with
the high-resolution AFM height images obtained at room tem-
perature, is about 9, 10, 8, 10 &2 nm in the domains with dia-
meters of about 50, 110, 130 and 150 £ 5 nm, respectively. It
is worth noting that the average lamellar thickness in the dif-
ferent confined domains did not vary that much and was simi-
lar to that of the neat PCL lamellae. The lamellar thickness
was found to be independent of the domain size because the
PCL lamellae developed at the same degree of supercooling.
However, the lengths of the PCL lamellae are very different
even in the same domains. Taking the PCL domain marked
with a circle in Fig. 2b as an example, the shortest and longest
lamellar lengths are about 10 and 100 nm, respectively. Due to
the confined space and the curved interface, the PCL lamellae
with various lengths had to develop in confined domains. It is
also interesting to note that the growth directions of the PCL
lamellae differ even in neighboring domains, as indicated by
the arrows in Fig. 2b, suggesting that the PCL domains are iso-
lated from each other. The volume fraction of dispersed
domains seems larger than 10%, suggesting that the phase
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Fig. 1. The lamellar morphologies obtained by AFM phase imaging of (a) PEO and (b) PCL, crystallized at 0 °C for 30 min.
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Fig. 2. AFM phase images of a PCL/PEO (10/90) blend: (a) annealed at 80 °C and (b) crystallized at 0 °C.

separation process may not fully develop or the PCL and PEO
may be partially miscible in the amorphous phase, possibly
due to the suppressing of the ongoing phase separation
by crystallization [38—41]. The detailed experiments explor-
ing the nucleation occurred in the individual domains indepen-
dently are currently underway and will be reported in
a forthcoming paper.
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We now turn to the study of the melting of the PCL lamel-
lae in the PCL/PEO (10/90) blend. Because the melting
temperature of PEO is about 7 °C higher than that of PCL,
the melting of the PCL lamellae occurs in the confined envi-
ronment provided by the PEO lamellar matrix. Therefore,
the PCL/PEO (10/90) blend is an ideal system for studying
the influence of confinement on polymer lamellar melting.

Fig. 3. The melting behavior of the PCL lamellae in isolated domains with different sizes followed by a series of AFM phase images at elevated temperatures: (a)
30, (b) 50, (c) 54, (d) 56, (e) 58, and (f) 60 °C. The time interval between two consecutive images is about 12 min.
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Fig. 4. The melting behavior of the PEO lamellae in isolated domains with different sizes followed by a series of AFM phase images at elevated temperatures: (a)
30, (b) 45, (c) 52, (d) 54, (e) 56, and (f) 58 °C. The time interval between two consecutive images is about 12 min.

The melting process can be monitored in real time using a hot-
stage, high-resolution AFM at different temperatures. Fig. 3
presents a series of AFM phase images showing the melting
process at elevated temperatures. When the temperature was
increased to 50 °C, the shortest PCL lamellae of about
10 nm in length in some of domains melted first, while the lon-
ger PCL lamellae remained crystalline, as indicated by the ar-
rows in Fig. 3b. At 54 °C, the PCL lamellae with lengths of
about 20—50 nm melted, as shown in Fig. 3c, while the PCL
lamellae with the lengths longer than 70 nm stayed solid.
With a further increase in the temperature to 56 °C, the melt-
ing of the longer PCL lamellae was observed, as shown in
Fig. 3d. At 58 °C, most of the PCL lamellae melted except
for a few very long ones, as shown in Fig. 3e. All PCL lamel-
lae melted at 60 °C (cf. Fig. 3f). In addition, the PEO lamellae,
which were present in the continuous phase, became thicker,
possibly due to reorganization during the heating [42—44].
In summary, our results show that the average PCL lamellar
thickness in domains of different sizes was approximately con-
stant and similar to that of the neat PCL. However, the melting
temperature of the PCL lamellae depended strongly on their
lengths, suggesting that the PCL lamellae with different
lengths developed in variously sized confined domains had dif-
ferent thermal stabilities. The difference in the melting tem-
perature may be due to the different degrees of perfection of
the PCL lamellae that had to develop in the confined space
and had to adapt the curved interface of the domains, which

may trap more defects in the lamellae. It is also reasonable
to postulate that the shorter the PCL lamellae, the higher the
ratio of defects (such as chain end groups, loose loop, lateral
and chain folding surfaces) per unit length of the PCL lamellae
developed in the confined space. Therefore, the melting of the
short lamellae usually occurred at a low temperature during
annealing.

To gain a more comprehensive understanding of the melt-
ing behavior of the lamellae developed in a confined environ-
ment, a PCL/PEO (90/10) blend was also studied. Fig. 4 shows
a series of AFM phase images of the melting process of the
PEO and PCL lamellae in a PCL/PEO (90/10) blend. In this
blend, the PEO is the dispersed phase because it is the minor
component. The long PCL lamellae developed in the continu-
ous matrix. The melting behavior of the PCL lamellae in the
continuous phase was observed using AFM. When the temper-
ature was increased to 54 °C (cf. Fig. 4d), many long edge-on
PCL lamellae in the matrix became discontinuous and the
length of the melted parts is around 20—40 nm. Upon a further
increase in temperature to 56 °C, the melting of the PCL la-
mellae became more prominent. The length of the melted parts
is around 80—100 nm. Moreover, the PCL lamellae with the
length less than 100 nm have been melted, as shown in
Fig. 4e. After the temperature reached 58 °C, most of the
PCL lamellae melted into pieces (cf. Fig. 4f.) and the length
of the melted parts is above hundreds of nanometers. Our
in situ AFM observations clearly indicate that the melting
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behavior of the PCL lamellae developed in the continuous
phase is similar to those developed in the confined domains
(cf. Fig. 3e). For the PCL lamellae crystallized in the matrix,
the degree of perfection of different parts of a single lamella
and of different lamellae is not the same even though they
have similar appearances and are developed at the same degree
of supercooling. Considering the inhomogeneity of the poly-
mer chains including end groups and chain conformations,
parts of the lamella may contain more defects such as loops
and end groups trapped in the lattice. Therefore, these parts
of the PCL lamellae are relatively less stable and initial melt-
ing may occur at a relatively lower annealing temperature.
When the annealing temperature was increased, the PCL
lamellae continually melted from the initial molten parts,
probably without undergoing recrystallization process, and
the length of the melted parts increased. Similarly, the ratio
of defects per unit lamellar length of the short one should be
much larger than that of the long one, the PCL lamellae
with different lengths crystallized in variously sized confined
domains had different thermal stabilities. The shorter the
PCL lamellae, the lower the melting temperature.

The similar melting behavior of the PEO lamellae crystal-
lized in the matrix and in the nano-sized domains can be
observed, as shown in Figs. 3 and 4, respectively. As the
temperature was increased from 30 to 45 °C, the morphologi-
cal changes occurred in the spherical PEO domains. The short
lamellae of about 10 nm in length, which were located near the
PEO domain boundary, started to melt. They were marked
with arrows in Fig. 4a and b. When the temperature was in-
creased to 52 °C, the PEO lamellae around 30 nm in length be-
gan to melt, as indicated by arrows. Moreover, the thickening
of the PEO lamellae in the continuous matrix and differently
sized domains became very obvious at annealing temperature
around 50—52 °C, as shown in Figs. 3b and 4c. A careful com-
parison of Fig. 4a and c shows that the number of PEO lamel-
lae in the same domain also decreased significantly. It
suggested that the reorganization of the PEO lamellae initially
occurred at the temperature around 50—52 °C. Upon a further
increase in temperature to 56 °C, the PEO lamellae located in
the middle and near the boundary of the domains melted and
some melted PEO lamellar pieces rejoined together and reor-
ganized to the thicker ones. When the temperature reached
58 °C, most of the shorter PEO lamellae melted except for
the longer ones located in the middle of the domains. Our re-
sults suggested that the melting temperatures of the PEO la-
mellae also depended strongly on their lengths, indicating
that the PEO lamellae with different lengths developed in
the continuous matrix and variously sized confined domains
had the similar thermal stabilities with the PCL lamellae.
The shorter the PEO lamellae, the lower the melting and reor-
ganization temperatures.

4. Conclusion
In summary, for the PCL lamellae crystallized in the con-

tinuous matrix, our results suggest that the thermal stability
is not uniform within a single lamella and among different

lamellae even if they are developed at the same degree of
supercooling. For the PCL and PEO lamellae crystallized in
the confined nano-sized domains, the thermal stability of the
lamellae is strongly affected by the lamellar length. Although
all lamellae in a domain have similar thicknesses, the shorter
lamellae melt at lower temperatures. Moreover, the melting
of the PCL and PEO lamellae may undergo different path-
ways. The melting of a PCL lamella starts from the defect
and proceeds to the other parts. However, the thickening of
the PEO lamellae either in the matrix or in the domains indi-
cates that the reorganization occurred during the heating.
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