
NOTE

Crystalline layered morphology in the phase-separated
blend of poly(butylene succinate) and poly(ethylene
succinate)

Toshiyuki Kataoka, Toshitaka Abe and Takayuki Ikehara

Polymer Journal (2015) 47, 645–648; doi:10.1038/pj.2015.46; published online 24 June 2015

INTRODUCTION

Crystalline/crystalline polymer blends that are binary systems that
consist of a crystalline polymer pair have received increasing attention
in recent decades because they show various crystalline morphology
and crystallization processes.1–20 One of the intriguing phenomena in
crystalline/crystalline blends is the formation of interpenetrating
spherulites; namely, the spherulites of one component that continue
to grow inside those of the other component.7,9,10,13–17 If the
difference in the melting temperature (Tm) between the two crystalline
constituents is smaller than ~ 30 K, both components simultaneously
nucleate in the melt to form interpenetrating spherulites.14,15 For a
larger Tm difference,2,7,13,17 the spherulites of the higher Tm compo-
nent nucleate first and fill the entire volume. Then, the lower Tm
component crystallizes inside the spherulites of the higher Tm
component while maintaining the original shape of the pre-existing
spherulites.
Poly(butylene succinate) (PBS) and poly(ethylene succinate) (PES)

are crystalline polyesters, and they are immiscible with each other in a
wide composition range.11,12,16,18 In our previous work on PBS/PES
blends using polarized optical microscopy (POM),12 the PBS spher-
ulites, which nucleated first in the PBS-rich phase, continued to grow
across the phase boundaries between the PBS- and PES-rich phases at
the temperature where only PBS crystallizes. The PBS spherulites
maintained a spherical shape even in the heterogeneous melt. This
result indicated that the growth rates in the PBS- and PES-rich phases
are identical despite the large difference in composition between them.
When the blend was further quenched, the PES spherulites developed
in the PES-rich phase, where PES appeared to form interpenetrating
spherulites with PBS. However, the spherulitic morphology in the
PES-rich phase was different from the original shape of the PBS
spherulites after the crystallization of PES.
In the previous study,12 the formation of PBS-rich layers on the

PES-rich phases was assumed to explain such results. However, these
layered structures are not usually formed in phase-separated blends,
and the spherulitic growth terminates at the phase boundaries.5,8,10

The layered morphology of the PBS/PES blends was discussed to be
stabilized by copolyesters, which were formed by transesterification
between PBS and PES in the melt.12 These stable layers that are
spontaneously formed in binary blends are intriguing structures that
can control the surface properties such as friction and adhesion.
Nevertheless, direct evidence for the existence of the layered structure
has not been obtained.
In the present note, the surface morphology of a PBS/PES blend was

studied using atomic force microscopy (AFM) to obtain detailed
information on the layered structures in the crystalline/crystalline
system of PBS and PES. Before the AFM investigations, the blend film
was first crystallized at the crystallization temperature (Tc) of PBS and
successively at the Tc of PES, and the crystallization process was
observed using POM. The layered structure in the phase-separated
blend was discussed based on the morphology, which was observed
using AFM and optical microscopy.

EXPERIMENTAL PROCEDURE
PBS (Mw= 83 000, Tm= 120 °C) and PES (Mw= 10 000, Tm= 108 °C) were
purchased from Sigma-Aldrich Corporation (St Louis, MO, USA) and Scientific
Polymer Products (Ontario, NY, USA), respectively. The PBS and PES with the
weight ratio of 4/6 were dissolved in chloroform. The solution was spin-coated
at 750 r.p.m. for 15 s on an optical glass substrate for several times. The blend
film with a thickness of ~ 10 μm was obtained after it was dried in vacuo at 40 °
C for 2 days.
The crystallization process was observed using a polarized optical microscope

(BX51, Olympus Corporation, Tokyo, Japan), which was equipped with a
sensitive tint plate with a retardation of 530 nm, a temperature controller
(LK-600PM, Linkam, Surrey, UK), and a charge-coupled device (CCD) camera
(Micropublisher 5.0, QImaging, Surrey, BC, Canada). The blend film that was
mounted on the microscope was melted at 150 °C and immediately cooled to
80 °C, where only PBS crystallized. The PBS spherulites filled the micrograph
when the temperature was maintained for ~ 10min. Then, the blend was
further cooled to 50 °C to crystallize PES.
The AFM observation was performed using a Nanoscope V (Bruker

Corporation, Billerica, MA, USA) instrument with a silicon probe (Olympus
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Corporation, OMCL-AC160TS-R3). After the blend film was crystallized on the
optical microscope as previously mentioned, arrows were drawn on the edge of
the sample to indicate the observed area. The location that was observed using
POM was determined based on the drawn arrows using a stereo microscope
(Olympus Corporation, SZ-STS), which was equipped on the AFM stage. The
sample was scanned in the tapping mode at room temperature.
Water contact angle measurements were conducted with a contact angle

meter (SImage mini 7, Excimer, Yokohama, Japan). The films of PBS and PES
were prepared by melt pressing. Deionized water (4 μl) was dropped on the
polymer film at room temperature and photographed using a CCD camera.
The contact angle values, which were obtained at different points, were
averaged for each film.

RESULTS AND DISCUSSION

The phase contrast microscopy observation shows that the blends of
PBS/PES= 4/6 were phase-separated immediately above the Tm of
PBS.12 The crystallization process of the PBS/PES blend is shown in
Figure 1. When the phase-separated melt was quenched to 80 °C,
compact PBS spherulites nucleated (Figure 1a). The brighter and
darker parts of the spherulites are in the PBS- and PES-rich phases,
respectively, because PES spherulites were formed in only the darker
parts, as described later. The PBS spherulite S1, which nucleated in the
PBS-rich phase, continued growing across interface I1 between the
PBS- and PES-rich phases. The impingement of the growth front of S1
on another PBS spherulite S2 resulted in the formation of the
spherulitic boundary B1 in the PES-rich phase (Figure 1b). PES
spherulites were formed in only the PES-rich phase after the blend was
further quenched to 50 °C (Figure 1c). The PES spherulite S3 grew

across boundary B1 of the PBS spherulites. After the PES crystallization
completed, the radial directions and boundaries of the PBS spherulites
in the PES-rich phase became unclear (Figure 1d).
The indistinct spherulitic morphology of PBS in the PES-rich phase

in Figure 1d suggests that PES and PBS have different lamellar growth
directions. This result implies that PES crystallized outside the PBS
spherulites. However, in miscible blends of PBS with poly(ethylene
oxide),2 the original spherulitic shapes of PBS were maintained when
poly(ethylene oxide) spherulites grew inside the PBS spherulites. This
result is ascribed to the identical growth directions of PBS and poly
(ethylene oxide) lamellae.2 Other miscible crystalline/crystalline blends
also show similar behaviors.2,10,13,15

The radius of the PBS spherulite S1 against the crystallization time is
shown in Figure 2. Although S1 grew across the phase interface I1, the
radius exhibits a linear relationship with the crystallization time. This
result indicates that the growth rate in the PES-rich phase is identical
with that in the PBS-rich phase despite the large difference in blend
composition between the two phases. It is noted that a blend with a
higher concentration of the crystallizing component usually shows a
faster spherulitic growth rate.21

The surface morphology of the PBS/PES blend after the successive
crystallization of PBS and PES was investigated using AFM. Figure 3a
shows the height image of the squared region in Figure 1d. The left-
and right-hand sides of Figure 3a correspond to the surfaces of the
PES- and PBS-rich phases, respectively. The spherulitic boundary B1 in
Figure 1b is observed in the upper part of Figure 3a, although B1 in the

Figure 1 Polarized optical micrographs of the spherulitic growth in the blend of PBS/PES=4/6. (a) The growth of PBS spherulites (S1 and S2) in the phase-
separated melt at 80 °C. The dotted line I1 denotes the interface between the PBS- and PES-rich phases. The spherulitic radius in the direction of the arrow
is shown in Figure 2. (b) Completion of the spherulitic growth of PBS 8min after (a). The dotted line B1 denotes the spherulitic boundary between S1 and
S2. (c) Nucleation and growth of PES spherulites at 50 °C. S3 indicates the PES spherulite that grew across B1. (d) Completion of the spherulitic growth of
PES 12min after (c). The AFM image in the squared region is shown in Figure 3a.
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PES-rich phase was not detected by POM after the growth of PES
crystals, as shown in Figure 1d.
The enlarged image of the upper part of Figure 3a is shown in

Figure 3b, which corresponds to the image around boundary B1 in the
PES-rich phase. Figures 3c and d show the height profiles along the
lines in Figure 3b. The surface was concave toward boundary B1
(Figure 3c). There are ridges that are almost perpendicular to B1, as
indicated by triangles 2–4 in Figures 3b and d. The orientation
directions of these ridges were identical to the growth directions of the
PBS spherulites S1 and S2 (dashed arrows in Figure 3a). However,
Figure 3 shows no structures attributable to the PES spherulite S3,
which nucleated as in the upper-right part of Figure 3a and grew
radially as shown in Figure 1c. Therefore, the surface image of the

PES-rich phase, which was obtained using AFM, coincides with the
spherulitic morphology of PBS in Figure 1b, although the spherulitic
shape of PBS in the PES-rich phase that was observed using POM
became indistinct after the PES crystallization.
The results obtained by AFM and POM were compared; the

comparison indicates that a thin layer of the PBS-rich phase is located
on the PES-rich phase as illustrated in Figure 4a. The constant growth
rate of the PBS spherulite in the heterogeneous melt in Figure 2 also
indicates the existence of PBS-rich layers, through which the PBS
spherulites continuously grew. One possible reason for the preferential
presence of the PBS-rich phase at the air interface is the difference in
hydrophobicity between PBS and PES. The water contact angles of
PBS and PES were 66° and 46°, respectively, which suggests that PBS is
a more hydrophobic polymer than PES. The difference in hydro-
phobicity between PBS and PES must originate from the length of a
hydrophobic alkyl group in the repeating unit (Figure 4b).
The PBS layer may also have been formed between the PES-rich

phase and the glass substrate because the PBS/PES blends between two
glass substrates also showed the continuous growth of PBS in the
PES-rich phase.12 Both before and after etching in KOH/ethanol
solution, the glass substrates were used in these observations. Although
the exact reason for the formation of the PBS-rich layer on the
hydrophilic glass substrate cannot be determined from this study,
strong adsorption of the polymers onto the glass surface22,23 may have
changed the wettability of the substrate.
However, in the studies of crystalline/crystalline blends,5,8,10 the

phase-separated blends did not show such layered structures; the
spherulitic growth in the biphasic melt stopped at the phase
boundaries. The layered morphology has a larger interfacial area than
the laterally segregated structure in a phase-separated thin film. The
laterally segregated structure should be more stable than the layered
structure because a smaller interfacial area generally results in lower
free energy. However, transesterification occurs in the melts of PBS/
PES blends and forms PBS–PES block copolyesters via exchanging
the main chains (Figure 4c).12 The change in molecular weight

Figure 2 Time dependence of the radius r of the PBS spherulite S1 in the
direction of the arrow in Figure 1a. The dashed line indicates the time when
the growth front reaches interface I1 between the PBS- and PES-rich
phases.
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Figure 3 AFM images of the blend of PBS/PES=4/6 after crystallization. (a) Height image of the squared region in Figure 1d. The dashed arrows indicate
the growth directions of PBS spherulites S1 and S2. (b) Enlarged view of the PES-rich phase at the upper part of (a). Height profiles along the (c) dashed
and (d) dotted lines in (b). The points that are indicated by the triangles in (b) are shown in (c) and (d).
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distribution of the PBS/PES blend was detected using gel permeation
chromatography after annealing for only 5min at 150 °C, which is
immediately above the Tm of PBS (see Supplementary Figure S1 in
Supplementary Information). The thermal decomposition of PBS and
PES in an inert atmosphere was negligible because the chromatograms
of the annealed blends have no signs that indicate the existence of low-
molecular weight molecules. This result indicates that transesterifica-
tion between PBS and PES occurs rapidly in the melt, and a small
amount of copolyesters should have formed in the blend during the
heating and cooling processes of the melt crystallization. The forma-
tion of copolyesters, which preferentially localize at the interface
between the two phases as shown in Figure 4a, can decrease the
surface free energy and stabilize the layered morphology.

CONCLUSIONS

The surface morphology of the phase-separated blend of PBS and PES
was investigated with AFM to obtain direct evidence of the crystalline
layered structure. When the melt was quenched to the Tc of PBS, PBS
spherulites that nucleated in the PBS-rich phase continuously grew into
the PES-rich phase at an identical growth rate. The spherulitic shape of
PBS in the PES-rich phase became unclear after PES was crystallized by
further quenching. The surface structures that were obtained using
AFM indicate that a PBS-rich layer was formed between air and the
PES-rich phase. The existence of the PBS-rich layer can explain the
continuous crystallization of PBS into the PES-rich phase and constant
spherulitic growth rate of PBS in the heterogeneous melt. A small
amount of PBS-PES copolymers must have been formed through rapid
transesterification between PBS and PES during the melt crystallization.
The stable layered morphology can be partly attributed to the
localization of copolymers between the two phases.
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Figure 4 (a) Schematic illustration of the phase morphology of the PBS/PES blend in the melt. (b) Chemical structures of PBS and PES. (c) Illustration of
the formation of PBS-PES copolymers through transesterification at the interface between PBS- and PES-rich phases.
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