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Effects of melt annealing on the miscibility and
crystallization of poly(butylene succinate)/
poly(ethylene succinate) blends

Toshiyuki Kataoka!, Kohji Hiramoto!, Hideo Kurihara? and Takayuki Ikehara!

We discuss the enhancement in miscibility of crystalline/crystalline blends of poly(butylene succinate) and poly(ethylene
succinate) (PBS/PES) by simple melt annealing, their crystallization process and the formation of characteristic phase-
separated structure. The immiscible PBS/PES blends changed into miscible blends when annealed at 150 °C. Gel permeation
chromatography and differential scanning calorimetry measurements suggested that the annealing process caused
transesterification between the PBS and PES, resulting in the formation of PBS-PES copolyesters. The unannealed blends
exhibited phase-separated melts with constituents that crystallized separately. A PBS-rich layer was formed between the
PES-rich phase and the glass substrate from the phase-separated melts of the unannealed blends. In contrast, the miscible
annealed blends crystallized by two distinct processes. The first process, successive crystallization, involved PBS spherulite
formation in the homogeneous melt and PES spherulite nucleation inside the PBS spherulites. The second process involved the
simultaneous nucleation of both components from the melt and penetrating growth of the PES spherulites into the PBS

spherulites.
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INTRODUCTION
Polymer blends have been investigated extensively for fundamental
research and practical applications.'”!7 Miscibility and crystalline
morphology largely influence the physical properties of polymer
blends. In miscible crystalline/crystalline blends, for instance, the
difference in melting temperature (T;,) between the two constituents
affects their crystallization behavior.>’~17 If the T, difference is
smaller than ~30K, the two components crystallize simultaneously
from the melts and often form interpenetrating spherulites, where the
spherulites of one component continue to grow inside those of the
other component.>’~ For larger T,, differences, however, the higher-
T, component crystallizes first, with the lower T, component
crystallizing successively inside the spherulites of the higher T,
component.!+1°

Most polymer pairs have poor miscibility because they usually have
small entropies of mixing. For this reason, substantial effort has been
devoted to finding miscible polymer pairs and compatibilizing
essentially immiscible polymers.!8-30

Transesterification is one method commonly used to compatibilize
polyester blends.'* When polyester blends are annealed in a melt,
the polyesters convert to block copolyesters by exchanging their main
chains.?®?” Copolyesters with a larger number of blocks and shorter

block lengths form as the interchange reaction repeatedly occurs.
Studies on immiscible blends of polyester/polycarbonate have revealed
that the copolymers produced through transesterification stay mostly
at the interfaces between the phase-separated domains and that the
interfacial thickness increases with annealing time.’! Although several
reports have described the influence of transesterification on
crystallization kinetics and morphology,?*? to our knowledge the
relationship between transesterification and the formation of
interpenetrating spherulites in such blends has not been investigated.

Poly(butylene succinate) (PBS) is a biodegradable aliphatic polye-
ster with good mechanical properties’> that can be produced from
biomass chemicals.>3? Poly(ethylene succinate) (PES) is also a bio-
degradable polyester with a chemical structure similar to PBS.34-36:40:41
PBS/PES blends are typically either immiscible or only partially
miscible.>**2 In our previous work,*2 miscible PBS/PES blends were
obtained by adding poly(ethylene oxide), which is miscible with both
PBS and PES. The copolymerization has also been examined to
compatibilize PBS and PES,***® although this process is technically
complex**** and results in a significant decrease in the crystallinity.*®

Here, we report the crystallization process and morphology of
miscible blends of PBS and PES obtained by transesterification
through melt annealing. The effects of annealing on the phase
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behavior and the crystallization are discussed. We obtained fully
miscible and highly crystalline PBS/PES blends with mild annealing
conditions (annealing temperature ~ 150 °C). Moreover, the immis-
cible melt formed layered structures in which the copolymers
produced through transesterification have stabilized structures.

EXPERIMENTAL PROCEDURE

PBS (M,, = 83000, T,, = 120°C) and PES (M,, = 10000, T,, = 108 °C) were
purchased from Sigma-Aldrich Corporation (St Louis, MO, USA) and
Scientific Polymer Products, Inc. (Ontario, NY, USA), respectively. The PBS/
PES blends were prepared by a solution-casting method. The two polymers
were dissolved together in chloroform. The solvent was allowed to evaporate in
Petri dishes overnight, before drying in vacuo at 30 °C for 2 days. The blends
were then annealed at 150 °C under N, gas flow to obtain the annealed blends.
As an example of our naming convention, the annealed blend 6/4-30m refers
to a weight ratio of PBS/PES and an annealing time of 6/4 and 30 min,
respectively.

The phase behavior and the crystallization process were observed using
phase contrast (BX51, Olympus, Tokyo, Japan) and polarized optical (Olym-
pus, BH-2) microscopes equipped with temperature controllers (LK-600PM,
Linkam, Surrey, UK) and CCD cameras (CoolSnap 5.0, Roper Scientific,
Tucson, AZ, USA). A sensitive tint plate with a retardation of 530 nm was used
for polarized optical microscopy. A film with a thickness of ~10um was
placed between the two optical glasses. For observation of spherulitic crystal
growth, the film was melted above the T, of PBS to 130°C and then
immediately cooled to the crystallization temperature (7.) to minimize the
effect of transesterification.

To determine the temperature of phase separation, the blend was mounted
on a phase contrast microscope. A phase-separated melt was first heated until
it became a homogeneous melt at ~ 180 °C, and then immediately cooled until
the melt phase separated. The reproducibility was carefully checked by
replacing the film every time to avoid transesterification at high temperatures.

Gel permeation chromatography (GPC) was performed on an LC-908 system
(Japan Analytical Industry Co. Ltd., Tokyo, Japan) using chloroform as an eluent
at a flow rate of 3.5 mlmin ! with refractive index detection. A DSC6200 (Seiko
instruments Inc., Chiba, Japan) was used for differential scanning calorimetry
(DSC). Approximately 5mg of the sample was sealed in an aluminum pan,
melted at 130°C and then quenched in liquid N, prior to the measurement.

Thermograms were recorded at a heating rate of 10°C min .

RESULTS AND DISCUSSION

Phase behavior

Figures 1a and b shows micrographs of the 4/6 unannealed PBS/PES
blend. The blend was homogeneous at 180 °C and phase-separated at
130 °C, indicating that PBS/PES binary blends have a phase diagram
with an upper critical solution temperature. The 6/4, 5/5 and 2/8
unannealed blends of PBS/PES also showed similar phase behavior,
whereas the 8/2 blend did not show phase separation above 130 °C.
However, the 4/6 PBS/PES blend annealed for 60 min (4/6—60m) was
a homogeneous melt at 130 °C (Figure 1c). This clearly indicates that
annealing at the melt state is an efficient way to enhance the
miscibility between PBS and PES.

We determined the phase separation temperatures by phase
contrast microscopy. The phase diagram in Figure 2 shows that the
blends are partially miscible at 130°C. The phase separation
temperatures shifted lower as the annealing time at 150 °C was
prolonged. The blends that were annealed for more than 60 min did
not show phase separation at any of the weight ratios.

The miscibility was also confirmed by investigating the glass
transition temperature (Tg) by DSC. Figure 3 shows the DSC
thermograms for neat PBS, neat PES, and the blends that were
annealed for 0 —60 min. Figure 4 shows enlarged curves for the neat
polymers and the 4/6 blends around the Ty The 4/6-Om blend
exhibited two Ts corresponding to the phase-separated PBS-rich and
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Figure 1 Phase contrast micrographs of the melt of the 4/6 PBS/PES blend
in the homogeneous state at 180°C (a), in the phase-separated state at
130°C (b) and of the homogeneous melt of the blend 4/6-60m at 130 °C (c).

PES-rich phases in their amorphous states. However, the 4/6-60m
blend, which was confirmed to be miscible by optical microscopy,
showed a single Tg. It should be noted that it is difficult to evaluate
the miscibility by DSC if the two phase-separated melts have Ts close
to each other. For instance, 4/6-30m did not show two Tgs on the
thermogram despite its obvious phase separation in Figure 2. The
single Tys for the annealed blends indicate enhancements in mis-
cibility, which should be ascribed to the shorter block lengths induced
by the transesterification.

The composition dependence of the T, in the PBS/PES blends is
shown in Figure 5. The PBS/PES blends without annealing and those
annealed for 60 min showed two Tgs and single T, respectively. The
Tys of the annealed blends increased with the weight fraction of
PES. The T, was almost insensitive to the annealing time. This most
likely indicates that the T, depends only on the annealed blend
composition.
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Figure 2 Phase separation temperatures of the PBS/PES blends annealed
for 0—60min. The blends annealed for 60min did not show phase
separation above 130 °C. The broken lines are to guide the eye.
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Figure 3 DSC heating curves of the PBS/PES blends annealed for O min (a),
30min (b) and 60 min (c).

Melting temperatures

Figure 6 shows the Tj,s for the PBS/PES blends determined from the
endothermic peaks in the DSC thermograms in Figure 3. The 6/4, 4/6
and 2/8 unannealed PBS/PES blends showed two Tj,s corresponding
to the PBS and to the PES crystals. These Ty,s decreased gradually
with increasing annealing time. However, the miscible blends
annealed for 60 min still had T,,s for PBS or PES higher than 90°C
for all of the weight ratios.

These results indicate that the block copolymers formed in
the melt-annealing process still contain longer PBS and PES
sequences for crystallization than those obtained by condensation
copolymerization**8 when the annealing time is at least 60 min. The
T of the poly(butylene succinate-co-ethylene succinate) random
copolymer was only 50 °C when the ethylene succinate unit was 53
mol%.*

Transesterification

The molecular weight distribution before and after melt-annealing
was evaluated based on the GPC profile in Figure 7, which shows
chromatograms for PBS, PES and the PBS/PES blends annealed for
0 —60min. The chromatogram of the unannealed blend showed
bimodal peaks representing PBS and PES. The annealed blends
exhibited a broad unimodal peak between the peaks for neat PBS
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Figure 4 DSC thermograms of neat PBS, neat PES, and the 4/6 unannealed
and annealed PBS/PES blends near the Tgs. The arrows denote the Tgs.
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Figure 5 The weight fraction dependence of the Tgs in the blends annealed
for 0 —60 min.

and PES. This obviously indicates that the polymers efficiently reacted
with each other during the annealing process under mild conditions
(reaction temperature ~150°C). The transesterification reaction
was generally carried out at high temperatures (200—300°C)
with mechanical mixing of the melt and the addition of a Ti
catalyst.>17232829 Thus, this result can most likely be ascribed to the
partial miscibility and low Tgs. The annealed blends also showed little
decomposition because no significant signals from low-molecular-
weight components were observed in the GPC curve. Obtaining
evidence for transesterification by 'H NMR is very difficult
because the repeating units of PBS and PES have similar chemical
structures (see Supplementary Figures S1 and S2 in Supplementary
Information).

The GPC results are analogous to what was reported by Otsuka
et al,* who demonstrated that a mixture of high- and low-
molecular-weight prepolymers with intermolecularly exchangeable
covalent bonds on their main chains changed into intermediate-
molecular-weight postpolymers after the interchange reaction. This is
a characteristic tendency of main-chain exchange between reactive
polymers. Moreover, a lowered T, and the enhancement in miscibility
have been reported after transesterification.?® On the basis of these
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Figure 6 The weight fraction dependence of the T,s of PBS and PES in the
blends annealed for O —60 min.
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Figure 7 GPC profiles for neat PBS, neat PES and the 4/6 unannealed and
annealed PBS/PES blends.

previous studies, transesterification between PBS and PES should
occur when the PBS/PES blends are annealed.

Crystallization of the unannealed PBS/PES blends

The 6/4, 4/6 and 2/8 unannealed PBS/PES blends showed phase
separation at temperatures near the T, of PBS. Both PBS and PES
crystallized upon cooling. However, only PBS crystallized from a
homogeneous melt of the 8/2 blend most likely because of the small
PES content.

A typical example of isothermal crystallization of an unannealed
blend is shown in Figure 8. When the heterogeneous melt of the 4/6
PBS/PES blend was quenched to 80 °C, PBS spherulites nucleated and
grew, as shown in Figures 8a and b. The brighter parts of the
spherulites correspond to the PBS-rich phase. PBS appeared to also
crystallize in the PES-rich phase (the darker part) because the
spherulites continued to grow across the phase boundary. The growth
front of the PBS spherulites was spherical in shape. This indicates that
the spherulitic growth rate is constant despite the large difference in
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the PBS concentration between the PBS-rich and the PES-rich phases.
It is noted that the spherulitic growth rate usually depends on the
composition. The present result is most likely ascribed to the
formation of a layered structure in which a thin PBS-rich layer exists
between the PES-rich phase and the glass substrate. PBS crystallized in
the thin PBS-rich layer in the darker part of the spherulite in
Figures 8a and b.

PES spherulites also nucleated in the PES-rich phase after cooling
to 50 °C (Figures 8a and d). The additive birefringence (blue color)
indicated by the arrows in Figure 8b, which is in the second and the
forth quadrants of the PBS spherulite in the PES-rich phase, changed
after the growth of the PES spherulites (Figure 8d). This result
indicates the overlap of the PBS and PES spherulites and the existence
of the layered structure.

Immiscible binary blends do not generally form such layers if the
characteristic length of the phase-separated structure is much larger
than the film thickness because the surface free energy increases in the
layered structures. The PBS-PES block copolymers between the PBS-
rich and the PES-rich phases might stabilize the layered structure in
the immiscible PBS/PES melt. Though the blend was not intentionally
annealed, a small amount of block copolymers may have formed
through transesterification when the sample was melted for a short
time. These copolymers usually exist at the interface between two
phases in an immiscible blend.

Crystallization of the melt-annealed PBS/PES blends

The crystallization behavior of the annealed blends was different from
that of the unannealed blends because of the miscibility of the blends.
Both PBS and PES crystallized in the 6/4-60 m, 4/6-60m and 2/8-
60 m blends, whereas only PBS crystallized in the 8/2—60 m because of
the low PES content.

The PBS and PES in the 6/4-60 m, 4/6—-60 m and 2/8—60 m blends
crystallized successively. Figure 9 shows the crystallization process for
the 4/6-60m blend. When the homogeneous melt was cooled to
50 °C, the PBS spherulites nucleated first and filled the whole volume
without phase separation (Figures 9a and b). Shortly after the
completion of the crystallization of PBS, PES spherulites nucleated
and grew slowly inside the PBS spherulites, as observed in the brighter
spherulitic parts shown in Figure 9c.

When the PES spherulites grew inside the PBS spherulites, the PBS
spherulites became brighter, while maintaining their original mor-
phology (Figures 9c and d). This result indicates the formation of
interpenetrating spherulites, which have been described in previous
papers.>!%1617 This morphology is different from that of the un-
annealed blends, which contain layered structures (Figures 8c and d).

However, the two components in 2/8-60 m showed simultaneous
crystallization from the melt. Figure 10 shows the crystallization
process of the 2/8-60m blend quenched to 60 °C from the homo-
genous melt. Many PBS crystals nucleated, and a PES spherulite
appeared at the center. The spherulitic growth rate of the PES was
faster than that of the PBS. After the PBS and PES spherulites
impinged on each other, the PBS spherulites became brighter, while
maintaining their morphology, indicating that the PES crystallized
inside the PBS spherulites (Figure 10b).

Simultaneous crystallization usually occurs when the T,s of the
two constituents are close to each other.>”~% The present result was
most likely caused by the large melting-point depression of PBS due
to the small content of PBS in the 2/8—60 m blend.

The distances of spherulitic growth in the melt and inside the
spherulites of the other component are shown in Figure 11. After the
growth fronts of the PBS and PES spherulites contacted each other,
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Figure 8 Polarized optical micrographs of the crystallization process for the 4/6 PBS/PES blend. (a) Nucleation and growth of a PBS spherulite in the
phase-separated melt at 80 °C. The brighter parts of the spherulite are in the PBS-rich phase. (b) Completion of the spherulitic growth of the PBS. The
arrows indicate additive birefringence of the PBS spherulite in the PES-rich phase. (c) Nucleation and growth of a PES spherulite inside the PES-rich phase
after quenching at 50 °C. (d) Completion of the spherulitic growth of the PES.

Figure 9 Polarized optical micrographs of the successive crystallization processes in the 4/6-60m blend quenched at 50°C. (a) Nucleation of the PBS
spherulites from the homogeneous melt. (b) Completion of the spherulitic growth of the PBS. (c) Nucleation and growth of the PES spherulites inside the
PBS spherulites. (d) Completion of the spherulitic growth of the PES.

the spherulitic growth rate of the PES changed slightly, whereas the It has been reported that for interpenetrating spherulites, the
growth of the PBS spherulite almost stopped. This indicates that  spherulitic growth rate of one component inside the spherulites of the
the growth of the PBS spherulite was significantly suppressed by the — other component is often different from that in the melt.'>1® The
existence of the PES spherulite. asymmetric composition of the 2/8-60m blend resulted in a large
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Figure 10 Polarized optical micrographs of the simultaneous spherulitic
growth of PBS and PES in the 2/8-60m blend at 60 °C. (a) Nucleation and
spherulitic growth of PBS and PES in the homogeneous melt. The brighter
and the darker spherulites correspond to PES and PBS, respectively. The
spherulitic growth distances in the directions of the arrows are plotted
against time in Figure 11. (b) Penetrating growth of the PES spherulites
into the PBS spherulites.
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Figure 11 Time dependence of the spherulitic growth distance, r, in the
directions of the dashed arrows in Figure 10. The arrows in this figure
denote the time at which the spherulitic growth front reaches the
spherulites of the other component.

amount of amorphous PES in the PBS spherulites, which enabled PES
to crystallize inside. However, the small PBS content in the
amorphous regions in the PES spherulites most likely suppressed
the crystallization of PBS in the PES spherulites.

Polymer Journal

CONCLUSIONS

The melt annealing of immiscible PBS/PES blends resulted in miscible
crystalline/crystalline binary blends. The GPC and DSC studies
implied that annealing caused the formation of copolyesters through
transesterification between the PBS and the PES, resulting in an
enhancement in miscibility. The T,s of PBS and PES in the annealed
blends were higher than those of the random copolymers obtained by
typical polycondensation.> The unannealed blends showed phase
separation near the T;, of PBS. Separate crystallization of PBS and
PES was observed in the PBS- and PES-rich phases, respectively. A
thin PBS-rich layer formed between the PES-rich phase and the glass
substrate. However, the annealed blends showed two types of
crystallization: successive crystallization, where the PBS crystallized
from the melt and then PES spherulites nucleated from the PBS
spherulites and simultaneous nucleation of both substances, where
the PES spherulites nucleated from the melt and continued to grow
inside the PBS spherulites after the growth front of the PBS and PES
spherulites impinged on each other.
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