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Abstract

The morphology and microstructure of crystalline blends of poly (ethylene gly-
col) (PEG) and poly (L-lactic acid) (PLLA) were examined using polarized optical
microscopy (POM) and scanning electron microscopy (SEM). As PEG was in the
melt state during PLLA crystallization, it was rejected from the PLLA bundles. The
size of PEG inclusions determined by their extraction is around 1 pm. The PEG/
PLLA blends exhibited not only spherulites with Maltese crosses but also distinct
extinction rings. The formation of ring-banded spherulites and the periodic distance
between the rings were related to the degree of supercooling of the polymer. The
ring-banded structure was easily obtained at a high PEG content (70 wt%) and high
PLLA crystallization temperature (120 °C). The end group of PEG significantly
affected the morphology of PEG/PLLA blends. PLLA blended with PEG contain-
ing both end groups as CH; exhibited the greatest melting temperature depression
and lowest degree of supercooling of PLLA, implying the formation of ring-banded
spherulites with the smallest PEG content (30 wt%) and lowest PLLA crystalliza-
tion temperature (85 °C). PEG morphology was also observed using POM after the
formation of PLLA crystals. Because PLLA crystals confined the formation of PEG
crystals, the chain growth direction of PEG was in association with that of PLLA.
Therefore, a brighter POM image was obtained on PEG crystallization.
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Introduction

In the recent decades, polymer blends have been well studied and documented
by industrial and scientific research [1-3]. The applications of polymer blends in
commercial utilities have gradually attracted increasing attention. Among them,
some recently proposed applications for polymer blends include immobilizing
enzyme biocatalysts, drug delivery systems, gas separation membranes, and car-
diovascular implants [4—7].

To date, a variety of miscible polymer blends have been examined. Most
research dealing with polymer blends have emphasized binary systems consisting
of amorphous/amorphous and amorphous/crystalline components [8, 9]. How-
ever, mixtures containing two crystalline compositions are seldom studied. Inves-
tigation on two crystalline polymers wherein both components can crystallize is
more complicated. Crystallization involving two different crystalline polymers,
each within its specific temperature regime and time period, is of particular inter-
est in the applications such as gas separation membranes and food packaging [10,
11]; for example, the gas permeability behaviors can be tuned by the efficient
control of crystallization conditions of the blends. Therefore, such binary crystal-
line systems can provide various crystalline conditions for intensive research on
the morphologies and crystallization behaviors of miscible polymer blends.

Until now, several polymer blends containing two crystalline components have
been investigated and documented; for instance, one of the most studied materials
is polyethylene/polypropylene blend, which has attracted considerable industrial
attention due to its wide application in packaging [12]. Poly (L-lactic acid) (PLLA)
is a well-known biodegradable crystalline polymer and has been widely used for
commercial applications due to its renewability, high biocompatibility, and low tox-
icity for the human body and environment [13]. The drawbacks of PLLA include
low crystallization rate, brittleness, and hydrophobicity, thereby restricting its wider
applications [14]. Several preparation approaches like grafting, copolymerization,
and blending were proposed to improve these physical properties of PLLA [15-17];
among these, the most economic and efficient method is polymer blending.

Poly(ethylene glycol) (PEG) exhibits hydrophilicity and is a flexible biocom-
patible crystalline polymer. Blends of PLLA with PEG have been previously
extensively developed and investigated to improve the mechanical properties
and biodegradation of PLLA [18-21]. In addition, the small amount of PEG can
act as a plasticizer to increase the PLLA crystallization rate [22]. Through many
studies, it has been reported that PEG/PLLA blends are miscible in the melt, and
the crystallization behavior of PLLA is significantly influenced by the addition of
PEG [23-25]. PEG/PLLA blends have been developed for commercial use with
the majority market being food packaging applications [26]. Furthermore, owing
to their compatibility and biodegradability, and the extensive research in biomed-
ical fields in recent years, an increase in the applications of PEG/PLLA blends in
drug delivery systems and tissue engineering scaffolds is expected [27].

As mentioned earlier, many studies have investigated the miscibility and physi-
cal properties of PEG/PLLA blends. However, to the best of our knowledge, only
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one study (conducted by us) investigated the blends of PLLA with different end
groups of PEG [23]. The chemical structures of these end groups of PEG are
shown in Fig. 1. The results demonstrated that the effect of the end groups of PEG
significantly affected the miscibility and crystallization behaviors of PEG/PLLA
blends. Herein, we provide further physical insights into the influence of PEG
end groups on the microstructures and morphologies of the PEG/PLLA blends. In
view of the concept that material properties are determined by their structures, it
is believed that an understanding of structures is important and deserves investi-
gation in the present study.

Usually, the morphology of polymer blends depends on the crystallization rate
and diffusion rate of the non-crystallizable component. The crystallization kinet-
ics in such crystalline/crystalline blends depend on the morphology resulting from
prior crystallization of the other component. Thus, it is expected that the crystal-
lization kinetics and morphology in binary crystalline systems could reveal new
insights. This study mainly focused on the spherulitic morphology and microstruc-
ture observed for a series of PEG/PLLA blends as evidenced by polarized light
optical microscopy (POM) and scanning electron microscopy (SEM). In addition,
the effect of different end groups of PEG on the morphology and microstructure of
PEG/PLLA blends is also discussed. Furthermore, it is known that the periodicity
in ring-banded spherulites usually depends on the chain mobility or the degree of
supercooling. The results of this study indicate that the formation of ring-banded
structures strongly depend on the degree of supercooling of the blends. The depend-
ence of the banding phenomenon has been investigated in many crystalline poly-
mers. This study may be the first to discuss these observations in PEG/PLLA blend
systems.

For the potential application, the ring-banded structures have been developed as
“templates” to fabricate ordered and interpenetrated nanoporous polymeric materi-
als [28, 29]. The noncrystalline components are simultaneously excluded out by the
twisted crystalline lamellae during the crystallization process. The highly ordered
and periodic rings which consisted of 3-D interconnected nanopores can be obtained
by removing the noncrystalline components. Most researchers have used block
copolymers and anodic aluminum oxide (AAO) as templates to prepare ordered

Sample Chemical Structure

PEGQOH) H+4O-CH,—CH,%0-H

PEG(10H-1CHs) H+ O —CH, — CH, 3. O — CH,

PEG(2CHs) ~ CH;+ O — CH, — CH, % O — CH,4

Fig. 1 Chemical structures of PEG used in this study
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porous polymeric materials [30, 31]. In this study, we investigated the banded spher-
ulites appeared in the PEG/PLLA blends. PEG is cheap, eco-friendly and easily
removal by water. Therefore, ordered porous PLLA may be further obtained, having
potential applications in cartilage regeneration, drug delivery, and tissue engineering
[32, 33].

Materials and methods
Materials

PEG(20H), PEG(10H-1CH;), and PEG(2CH;) were obtained from Aldrich Co.
(USA) and had a weight-average molecular weight of 2000 g/mole. The PLLA sam-
ple was purchased from Polysciences Co. (USA), and its weight-average molecular
weight was 200 000 g/mole. The glass transition temperature (7,) and melting tem-
perature (T,,) of PEG are around —62 and 58 °C, respectively. The corresponding
temperatures of PLLA were 62 °C and 180 °C.

Preparation of blends

All samples used in this study were prepared by solution-casting method. Specific
amounts of PEG and PLLA were dissolved in chloroform yielding a 2% (0.4 g poly-
mer blends/20 ml solvent) solution according to the desired composition. The blend
ratios were calculated by weight. For the observation of banded spherulites, the
PEG/PLLA 30/70, 50/50 and 70/30 were chosen. Then, the solution was cast into
a glass Petri dish (diameter 50 mm). A cast film (approximately 200 pm thick with
a diameter of 50 mm) was obtained after gradually evaporating most of the chloro-
form solvent at room temperature. The film was further dried in vacuum at 80 °C
for 24 h. Note that if a Petri dish was used with a diameter larger than 50 mm, it
would be difficult for PEG/PLLA 70/30 to form a film due to the sample brittleness.
In addition, our previous study has verified no measurable residual solvent in these
blends [23].

Characterization

The spherulitic morphologies of PEG/PLLA blends were monitored using a polar-
izing optical microscope (POM, HFX-DX, Nikon, Japan). The samples were placed
on cover glasses, heated to 180 °C and held for 3 min on a hot stage (THMS600,
Linkam, UK). The samples were then quickly cooled to their crystallization tem-
perature, where the resultant morphology was observed.

The surface microstructures of PEG/PLLA blends were observed using JEOL
JSM-6300 scanning electron microscopy (SEM, JSM-6300, JEOL, Japan). PEG
and PLLA with an intended composition were dissolved in chloroform. The follow-
ing solution was then taken out and dropped on the glass slide. The thin film was
obtained after solvent evaporation. The sample (thin film) was first melted on the
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aforementioned hot stage at 180 °C for 3 min. The sample was then quickly cooled
to their crystallization temperature.

Results and discussion
Phase behavior

To facilitate the understanding of the morphology and microstructure of PEG(20OH,
10H-1CHj;, and 2CH3)/PLLA blends investigated in this study, some previous
results [23] on the thermal behavior of blends over the entire composition range are
listed in Fig. 2. From our previous study [23], the PEG/PLLA blend system shows a
composition-dependent single 7, with the weight ratio of 10/90. Blending PEG with
PLLA increases the PLLA crystallization rate. Thus, the recrystallization peak of
PLLA does not appear after the quenching process except for the 10/90 composition.
The melting temperatures (7°,)) reported in Fig. 2 refer to the equilibrium melting
temperatures obtained from Hoffman—Weeks analysis. The equilibrium melting tem-
perature of the crystalline component in a blend is lower than that of the neat crys-
talline polymer due to the thermodynamically favorable interactions when the blend
is miscible [34]. The equilibrium melting temperature of PLLA decreases as compo-
nent PEG increases, indicating that PEG/PLLA blends are thermodynamically mis-
cible in all compositions. The effect of different end groups of PEG on PEG/PLLA
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Fig.2 Thermodynamic behavior of PEG/PLLA blends [25]
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blends is also discussed. PLLA blended with PEG containing two OH end groups
exhibits the smallest melting temperature depression, indicating worst miscibility. It
is expected that the OH groups of PEG easily form intra-molecular hydrogen bond-
ing, whereas the interactions with PLLA are not sufficiently strong, thereby resulting
in a weak miscibility of PEG and PLLA.

Morphology and microstructure

Both PEG and PLLA are crystalline polymers; in this system, they involve two
crystallization conditions. One involves the observation of PLLA morphology and
microstructure before PEG crystal formation, and the other involves the observa-
tion of PEG morphology and microstructure after PLLA crystal formation. For the
measurement of morphology and microstructure of PEG/PLLA blends, POM and
SEM instruments were used to examine.

First, the PLLA morphology and microstructure are observed before PEG crys-
tal formation. Figure 3a—e shows the spherulitic morphologies of different composi-
tions of PEG(10H-1CH;)/PLLA blends isothermally crystallized at 120 °C using
POM, where only PLLA crystallizes from the blends under the experimental condi-
tion. PEG acts as a non-crystallizable component in these blends. Similar results
were found in blends with different PEG end groups and were thus not shown. The
PLLA morphology (Fig. 3a) is that of conventional Maltese crosses with a bire-
fringent pattern. The irregularity of the texture of the PLLA spherulites increases
with the amount of PEG, which might follow from the coarseness of the crystalline
lamellae. The coarseness of the texture is suggested to be due to melt PEG trapped
in PLLA spherulites. Therefore, the blend could exhibit interlamellar or interfibril-
lar morphology. Additionally, the spherulites completely fill the space at the final
crystallization stage. Our previous study has demonstrated the variation of PLLA
spherulite radius with time was linear, implying that the crystallization environment
at the growth front was the same during the PLLA crystallization [23]. Besides,
SEM is also used to examine the surface microstructure of PEG/PLLA blends. Fig-
ure 4 presents the SEM micrograph of PEG(10H-1CH;)/PLLA 30/70 blend, which
was first heated to 180 °C, held for 3 min, and then cooled to 100 °C to ensure
complete formation of PLLA crystals. Figure 4 indicates a bright feature at the sur-
face of the blend. However, whether it indicates PEG or PLLA could not be ascer-
tained. Therefore, in this study, ethanol was used as a solvent to extract PEG from
the PEG/PLLA blend. Figure 5 shows the SEM micrograph of extracted PEG from
PEG/PLLA 30/70 and 70/30 blend, and it confirms that PEG samples are found at
the surface. For the PEG/PLLA 70/30 system, the width of the hole (one is indicated
by the arrow in Fig. 5b) after PEG is extracted is~1 pm, implying that PEG is not
trapped in the PLLA interlamellar regions. The distance of the segregation in lamel-
lar regions should be close to hundreds of A. Therefore, PEG is rejected from the
PLLA bundles, and the blend exhibits interfibrillar segregation (see the schematic
representation in Fig. 6).

Figure 3b—e shows that after blending with PEG, the spherulites of PLLA exhibit
different morphology than that by pure PLLA. Ring-banded spherulites were
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(a) PLLA

(b) 10/90 (¢) 30/70

(d) 50/50 (e) 70/30

Fig.3 a—e POM micrographs of different compositions of PEG(10H-1CH;)/PLLA blends isothermally
crystallized at 120 °C
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Fig.4 SEM micrographs of PEG(10H-1CH;)/PLLA 30/70 blend isothermally crystallized at 100 °C

observed for the blends. The appearance of banded spherulitic structures have also
been observed in the blends of poly (ethylene adipate) (PEA)/poly (butylene succi-
nate) (PBS), poly (aryl ether ketone) (PAEK)/poly (aryl ether ether ketone) (PEEK),
and poly (e-Caprolactone) (PCL)/ poly (vinyl butyral) (PVB), whereas such struc-
tures did not appear for the pure crystalline polymer component [35-37]. The for-
mation mechanism of banded spherulites has attracted intensive study in the past
decades, but controversy still remains [38, 39]. The most accepted explanation of
these morphological structures is lamellar twisting model [40, 41], where the crys-
talline lamellae periodically twist along the radial growth direction of the spheru-
lites. The change of birefringence, associated with the change of crystalline lamellar
orientation, leads to the banded features observed using POM. The main driving
force of lamellar twisting is attributed to the unbalanced anisotropic surface stresses
[42, 43], of which the distribution is affected by the molecular chirality and chemi-
cal groups on lamellar surface. As seen in Fig. 3, the formation of such a pattern in
PEG/PLLA blends implies the presence of PEG that has altered the aggregation and
twisting of the PLLA lamellae. It should be noted that pure PLLA has been found
to exhibit ring-banded spherulites at certain molecular weights and crystallization
temperatures [44, 45].

The spherulitic morphologies of PEG(10H-1CH;)/PLLA 50/50 blend films at
different crystalline temperatures (7,) by POM are shown in Fig. 7a—d. In this
study, the formation of PLLA spherulites was not suppressed when the crystalli-
zation temperature was less than 85 °C; on the other hand, the spherulitic growth
rate was very slow at crystallization temperature above 130 °C. Thus, the POM
experiments were performed between 85 and 130 °C. The conventional PLLA
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Fig.5 SEM micrographs of extracted PEG from PEG/PLLA a 30/70 and b 70/30 blend isothermally
crystallized at 100 °C

spherulite transforms into the ringed-banded spherulite at 7, from 90 to 100 °C.
Figure 1 shows that the equilibrium melting temperature of PLLA decreases as
PEG content increases, reducing the degree of supercooling (AT=T7°,—T,) of
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/ PEG }~1 -

PLLA bundle

Fig.6 Schematic representation of the interfibrillar segregation in PEG/PLLA blend

PLLA. Additionally, the increment of the T, of PLLA implies that the T, is closer
to the 7°,, of PLLA, and indicates the reduction in the degree of PLLA super-
cooling. Hence, it is inferred that the morphology of spherulites is related to the
degree of supercooling of the polymer. A lower degree of polymer supercool-
ing corresponds to an easier formation of ring-banded structure. At low crystal-
lization temperature and large degree of supercooling, the increased spherulitic
growth rate resulted in the insufficient time to accomplish the cooperative lamel-
lar twisting [46]. In addition, the high nucleation density was also not favorable
for the formation of the ring structures [44].

In addition, a periodic distance of the ring-banded spherulites is observed.
The periodic distance of the ring-banded spherulites of the blend (p) is defined
as the distance between the centers of two bright bands. The periodic distance
of extinction rings was all measured after the complete formation of PLLA
spherulites, and the selected spherulites have at least one ring. Figure 8a dis-
plays the composition dependence of the periodic distance of extinction rings,
which increases with increasing PEG composition for PEG(10H-1CH;)/PLLA
blends. This result is consistent with the observation of the spherulites in poly
(e-caprolactone) (PCL)/poly (vinyl chloride) (PVC), PCL/poly (propylene fuma-
rate) (PPF), and PCL/poly (styrene-co-acrylonitrile) (SAN) [47-49]. Figure 8b
shows the periodic distance of extinction rings as a function of crystallization
temperature for different PEG(10H-1CH;)/PLLA compositions. The periodic
distance increases with the crystallization temperature, which is consistent
with the results obtained by Wang et al. [47]. Figure 9 shows the periodic dis-
tance of extinction rings as a function of the parameters 7,— T, and 7°,— T,
for PEG(10H-1CH;)/PLLA blends. T, —T, represents the overall mobility of
the blend, and 7°,, — T, represents the degree of supercooling of the blend. The
periodic distances of the ring-banded spherulites of the blend with different
blend ratios lie on the master curve shown in Fig. 9b, implying that the periodic
distances of the ring-banded spherulites are inherently related to the degree of
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(a) 90 °C (b) 100 °C

(c) 110 °C (d) 120 °C

Fig.7 a—d POM micrographs of PEG(10H-1CH;)/PLLA 50/50 blends at different crystallization tem-
perature

supercooling of the blend. However, these results differ from those obtained by
Wang et al. [47] perhaps because the compositions of the blends (PCL/SAN)
used in their study differ from those of the blends used herein.

With reference to the effect end groups of PEG on the morphologies of PEG/
PLLA blends, Fig. 10 shows the distribution of the spherulitic morphologies
of PEG(20H, 10H-1CH; and 2CH;)/PLLA blends. Table 1 summarizes these
results. The PEG(2CH;)/PLLA blend system has the lowest equilibrium melt-
ing temperature of PLLA (Fig. 2), and therefore also exhibits the least degree
of supercooling of PLLA, indicating an easier formation of ring-banded spheru-
lites. Thus, the PEG(2CH;)/PLLA blend system exhibits a ring-banded structure
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Fig.8 Variation of periodic distance of extinction rings with a crystallization temperature and b blend

composition for PEG(10H-1CH;)/PLLA blends

with the smallest PEG content and lowest PLLA crystallization temperature. This
result reconfirms that the ring-banded structure is related to the degree of super-
cooling of the polymer.
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1CH;)/PLLA blends with different blend ratios

Second, the morphology and microstructure of PEG are observed after PLLA
crystals are formed. Consider PEG(10H-1CH;)/PLLA, for example. Samples
were first heated to 180 °C, held for 3 min, and then cooled to 120 °C until a
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Fig. 10 Distribution of spherulitic morphologies of PEG/PLLA blends
Table 1 The transition PEG(wt%) 20H |OH-1CH,4 2CH, unit: °C
temperature from typical ‘ ‘
spherulite to banded structure 10 _ _ _
30 112 106 100
50 97 93 90
70 88 87 85

—: No banded structure

complete formation of PLLA crystals was achieved. Then, the samples were
quickly quenched to 25 °C and the morphology of PEG was observed. Figure 11
shows the blend morphologies after such conditions were applied, using POM
for 2 s per image. The images obtained by POM indicate bright features. How-
ever, the typical spherulites of PEG are not observed. Moreover, the shape of the
hole after PEG extraction by ethanol is not round (Fig. 5). Therefore, the bright
features do not indicate PEG spherulites. Spherulites are typically observed as
Maltese crosses; nevertheless, some parts of the image are brighter than the oth-
ers, perhaps because the PLLA crystal constrains the formation of PEG crystal.
The brightened image under crossed polars was also found in PEG/PLLA copoly-
mer and blend systems by Shin et al. [48] and Banpean et al. [49]. Shin et al.

@ Springer



Polymer Bulletin (2024) 81:1803-1820 1817

Fig. 11 POM micrographs of PEG(10H-1CHj;) /PLLA 50/50 blend at 7, =25 °C after crystallization of
PLLA at 120 °C (from a—d for 2 s per image)

[48] found that the retardation of polarized light was additive, and the sign of the
spherulite was conserved as poly (ethylene oxide) (PEO) crystallized within the
framework of the PLLA crystals for the PLLA-b-PEO-b-PLLA triblock copol-
ymer systems. The PEO lamellae were confined between the PLLA lamellae.
Recently, confined crystallization of PEG in the pre-formed PLLA spherulite was
also investigated in blend systems by Banpean et al. [49]. The PEG lamellae were
oriented parallel to the preformed lamellae of PLLA. In addition, we believe PEG
lamellae existed in the dark regions as well, though the brightness of the regions
was not enhanced because of the orientation. In this study, PEG crystallization is
strongly templated by the existing PLLA crystalline lamellae. The chain growth
direction of PEG is in association with that of PLLA. Therefore, the birefringence
of PLLA does not interfere with that of PEG. Hence, it is inferred that the formed
PEG crystals increases the brightness of light regions of the image obtained using
POM.
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Conclusions

The PEG/PLLA blend is an interesting system wherein both components could crys-
tallize. The observations of morphology and microstructure of PLLA before PEG
crystal formation using POM indicate that the PLLA spherulites contacted each
other and almost filled the space at the final crystallization stage. SEM observations
indicate that melt PEG could be excluded out of the PLLA bundles. The morphol-
ogy of ring-banded spherulite of PLLA in PEG/PLLA 30/70, 50/50 and 70/30 blend
was observed under POM. Both the formation of ring-banded spherulites and the
periodic distance between rings of ring-banded spherulites are related to the degree
of supercooling of the blend. The analyses of the effect of different end groups of
PEG on the morphology and microstructure of PEG/PLLA blends suggest that the
PEG(2CH,)/PLLA blend system form a ring-banded structure with the smallest PEG
content and lowest PLLA crystallization temperature owing to the smallest degree
of supercooling of PLLA. On the other hand, the morphology and microstructure of
PEG were observed after PLLA crystal formation. As PEG crystallized, the PLLA
crystals confined the formation of PEG crystals. The chain growth direction of PEG
was in association with that of PLLA. Thus, it is inferred that the formed PEG crys-
tals are the brighter regions of the image obtained using POM. In the current study,
we provide further physical insights into the influence of PEG end groups on the
microstructures and morphologies of the PEG/PLLA blends. Our results could be
used to further tune the microstructures of the blend films and provide diversity in
different applications, such as templates for nanoporous polymeric materials.
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