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Abstract Morphologies and structures determined by crystallization of the blocks,
microphase separation of the copolymers, and vitrification of PLLA block in
poly(r-lactide-b-ethylene oxide) (PLLA-b-PEO) copolymers were investigated
using microscopic techniques and synchrotron small angle X-ray scattering. The
PLLA-b-PEO copolymer films were crystallized from two different annealing
processes: melt crystallization (process A) or crystallized from glass state of PLLA
block after quenching from melt state (process B). The relationship between the
crystalline morphology and microstructure of the copolymers were explored using
SAXS. The morphology and phase structure are predominated by crystallization of
PLLA block, and greatly influenced by microphase separation of the copolymers. In
process B, lozenge-shape and truncated lozenge-shaped PLLA crystals of nano-
meter scale can be observed. The crystalline morphology is markedly affected by
the microstructure formed during the annealing process. Star-shaped morphologies
stacked with PLLA single crystals were observed.
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Introduction

During the past several decades, extensive research related to diblock copolymers
has been carried out. Diblock copolymers are an interesting option, where
combinations of different chemical structures employed without macroscopic phase
separation [1]. The ability of block copolymers to self-assemble in the melt
according to the relative thermodynamic repulsion between their components is well
known and has been extensively investigated theoretically and experimentally
[1-5]. For amorphous diblock copolymers, microphase separation is driven by the
immiscibility between the block copolymer components. Ordered morphologies can
be observed when the glass transition temperatures (1) of the two phase-separated
components are lower than the order-to-disorder transition temperature (Topr) [6].
However, crystalline—amorphous diblock copolymers possess more complicated
phase behavior due to the crystallization of the crystallizable component. When the
T, of the miscible copolymer is lower than the crystallization temperature of the
crystallizable component quenched from the melt, the final microphase separation is
actually driven by the crystallization of this component, and a lamellar morphology,
in which the lamellar crystals are sandwiched by the amorphous-block layers, is
always observed after crystallization. In an immiscible crystalline—amorphous
diblock copolymer system, it can be expected that self-organization of the diblock
copolymer, vitrification of the amorphous block, and crystallization of the
crystallizable block may compete with one another in forming the final morphol-
ogies at different temperatures. Three temperature parameters need to be considered
to describe the competitions: the Topr, the T, of the amorphous phase, and the T-.
Depending on segregation strength and the relative location of Topr, T and T,
different morphologies can be generated. Either crystallization can drive structure
formation for weakly segregated melt, or crystallization can be confined within the
copolymer microdomain structure for strongly segregated systems or homogenous
systems. Meanwhile, the competition between microphase separation and crystal-
lization in block copolymers will form abundant morphologies and microstructures
[7-12].

Diblock copolymers with one or more biodegradable or/and biocompatible
components, which possess promising application in biomedical and environmen-
tally friendly fields, have attracted extensive interest [1, 13—-18]. Among
biodegradable block copolymers, poly(L-lactide-b-ethylene oxide) (PLLA-b-PEO)
is one of the most important biomaterials, which has been widely investigated on its
crystallization and morphological behaviors [15-22]. The two unlike components in
PLLA-b-PEO copolymers, where the weight fraction of PEO block is above
20 wt%, can both crystallize under right conditions [15, 16, 23]. In contrast, when
the weight fraction of PEO block is below 20 wt%, it is difficult for PEO to
crystallize [16, 24]. The two blocks are miscible (or partial miscible) at T, (or Ty) of
PLLA block [15, 16, 19, 23-25]. The crystallinity of PLLA is 38-56% when the
weight fraction of PLLA is ca. 80 wt% [25].

However, the morphology and structure of PLLA-b-PEO copolymers are not
fully understood. Especially their morphological behavior and phase structures
crystallized from the glass state of PLLA block have never been investigated.
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Accordingly, we studied the influence of two different annealing processes on the
morphologies and phase structures of PLLA-b-PEO diblock copolymers. It is known
that the crystallization temperatures (7,) and the T,;s of PLLA block are higher than
the melting points of PEO block in the copolymers [15, 16, 23-25]. During melt
crystallization (process A), the PLLA-b-PEO copolymers were completely melted at
180 °C, and then cooled to temperatures for crystallization. Microphase separation
of the copolymers is driven by crystallization of PLLA block, and the resulting
microstructures formed have soft confinement on further crystallization of PLLA
block. However, the fractions of PEO block are quite small (<25%) in the
copolymers, and the two unlike blocks are miscible in the melt. Consequently, the
morphology and structures of the PLLA-b-PEO copolymers are predominated by
the crystallization of PLLA block. In process B, the copolymer films were quickly
cooled to 30 °C after completely melted, which is lower than 7, of PLLA block,
kept at 30 °C for 5 min, and then heated to temperatures for isothermal
crystallization. In the case of process B, microphase separation of the copolymers
is driven by crystallization of PEO block in PLLA16k-b-PEO5k copolymer, and
maybe including the immiscibility of the two unlike blocks at low temperature, and
vitrification of PLLA block takes place under its T,. The microstructure formed
would affect the following crystallization of PLLA block and the structure of the
copolymers.

In the present work, the morphologies and structures of the PLLA-b-PEO diblock
copolymers and PLLLA homopolymer determined by the annealing processes were
investigated by polarized optical microscope, atomic force microscope, and
synchrotron small angle X-ray scattering (SAXS).

Experimental section
Materials

PLLA-b-PEO diblock copolymers were synthesized according to the reference [15].
Samples were classified by GPC (Waters 400, USA, software for GPC is Empower
with Cirrus™) and purified by a sedimentation method. The copolymers were
named as PLLA16k-b-PEO5k and PLLA30k-b-PEO5k. 16k, 30k, and 5k (g/mol)
are the number average molecular weights of each block determined by GPC using
PS standard, respectively. PLLA homopolymer used was purchased from Aldrich.
The properties including the characteristic temperatures of the copolymers and the
homopolymer used are shown in Table 1, which have been reported at reference
[16].

Sample preparation
PLLA-b-PEO copolymer and PLLA homopolymer films were prepared by coating
0.5% (wt/wt) copolymer—chloroform solutions on clean silicon wafers. After the

solvent was completely evaporated, the samples were melted on a Linkam TMS94
hot stage, and then annealed according to process A or B for crystallization. After
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Table 1 Characteristic temperature determined by DSC for PLLA-b-PEO copolymers, PEO, and PLLA
homopolymers used

Sample Polydispersity T, (°) Tm (°) T. (°)
(MW/M71)
PEO PLLA PEO PLLA
PEOSk 61.8 37.3
PLLA31k 1.39 60.1 170.2 102.4
PLLA16k-b-PEO5k 1.40 49.4 41.2 124.4/141.2 90.6
PLLA30k-b-PEO5Sk 1.62 54.3 39.7 142.1 100.0

crystallization, the samples were cooled rapidly to room temperature. The whole
processes were carried out in a nitrogen atmosphere.

Polarized optical microscopy

The morphology observations of the PLLA-b-PEO copolymers and PLLA
homopolymers were performed with a Leica optical microscope (Leica, LM;-113,
Germany), equipped with a hot stage (Linkam TMS94) and a Panasonic CCD
camera system.

Atomic force microscopy

The detailed morphologies and microstructures of the samples prepared were
observed employing atomic force microscopy (AFM) (Seiko Instruments Inc.,
SPA300HV with a SPI3800N controller). A 150 pm scanner and SiN, cantilevers
with spring constant of 42 N/m were applied for tapping mode imaging. Both height
and phase images were recorded simultaneously using the retrace signal at room
temperature.

Small angle X-ray scattering

The SAXS experiments were performed using synchrotron radiation with
A =0.156 nm at Beamline BL15A of Beijing Synchrotron Radiation Facility
(Beijing, China). Time-resolved synchrotron SAXS investigations were carried out
at the beamlines with heater and a thermal control system (Linkam CSS450). All of
the data were corrected for background scattering before analysis and treated with
software Fit2D [26]. The structural changes during the heating, annealing, and
isothermal processes were followed.

Using software Fit2D, the typical 1D SAXS pattern for crystallized polymer was
obtained which is shown in Fig. 1a. Structural parameters including the long period
(L), crystal thickness (d.), amorphous layer thickness (d,), and transition layer
thickness (d,) can be calculated employing one-dimensional electron density
correlation function K(z), where I(s) is the scattering intensity, s denotes the
scattering vector s = 2sinf/A = ¢/2~n.
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Fig. 1 a Typical SAXS pattern for crystallized polymer samples. b Structure analysis using one-
dimensional electron density correlation function. L, d,, and d,, means the long period, the amorphous
layer thickness, and the transition layer thickness, respectively

o0

1
K(Z) = —/ I(s)s” cos(sZ)ds
2n
0
Using K(z) to Fig. la, Fig. 1b is received, and then structural parameters are
calculated. The relationship between them is L = d, + d. + 2d,.
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Results and discussion

Morphologies and structures determined by crystallization and microphase
separation in melt crystallization

PLLA-b-PEO diblock copolymer films were completely melted at 180 °C on a
Linkam TMS94 hot stage, and then cooled to T, for isothermal crystallization. The
morphologies observed by polarized optical microscopy (POM) are shown in Fig. 2.
Spherulites were observed in the films crystallized at 90 and 100 °C as shown in
Fig. 2a and b. Banded spherulites were formed when crystallized at 110 °C from the
disordered state shown in Fig. 2c. The spherulitic morphologies of PLLA and its
copolymers have been widely reported. An interesting morphology of which the
center is spherulite and the outer is dendrite was observed at 7, = 115 °C shown in
Fig. 2d. When crystallized at higher temperatures, dendrites were formed. Dense
dendrites were formed at 120 °C shown in Fig. 2e, the morphology composed of the
main branches was star-shaped, and the second branches grew along the main
branches. Moreover, the second branches in one side of one main branch were
parallel to each other, and the angle between the second branch and the main branch
was <90°, which can be ascribed to the influence of the addition of PEO block. At
even higher 7., peculiar dendrites were formed shown in Fig. 2f at 125 °C. The
morphologies composed of the main branches were still star-shaped, but the number
of the main branch was much smaller than that in dense branches. The angle
between the second (third) branch and the main (second) branch was almost 90°.
The morphological transition from spherulitic to dendritic in asymmetric PLLA-b-
PEO copolymers has been first reported in the previous work [16]. Furthermore, in
the following, we will try to explore the relationship between the morphology and
the microstructure of the copolymers by SAXS technique.

It has been reported that there is a boundary temperature for the PLLA-b-PEO
copolymers, ca. 115 °C, which divides the crystallization of the copolymers into the
low- and the high-crystallization temperature ranges, of which the nucleation, growth
rate, and morphology measured at macroscale are distinguished [16, 20-22, 27].
PLLA homopolymer also has a boundary temperature (ca. 120 °C) in terms of the
growth rate and crystal structure [28-32], but the crystalline morphologies at
various crystallization temperatures are all spherulitic. Comparison with PLLA
homopolymer, the addition of PEO block in PLLA-b-PEO copolymers, microphase
separation and crystallization of the copolymers dominate the morphology and
structure.

A synchronous SAXS was employed to explore the structural transition in melt
crystallization process. Figure 3a shows the SAXS patterns of PLLA16k-b-PEO5Sk
copolymer samples scanned at 120, 110, and 100 °C after crystallization annealed
from the melt. Scattering peaks can be seen in the SAXS patterns, indicating that
disorder-to-order transition occurs driven by crystallization of PLLA block, which
has been confirmed by wide angle X-ray diffraction [15, 16]. The crystallinity of the
samples is ca. 30%. The structural parameters including the long period (L), the
amorphous layer thickness (d,), and the transition layer thickness d,, were received
via one-dimensional electron density correlation function, and then the crystal
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Fig. 2 Morphologies of PLLA16k-b-PEO5k copolymer films crystallized at a 90, b 100, ¢ 110, d 115,
e 120, and f 125 °C from the melt. The bar corresponds to 100 pm

thickness d.. can be calculated using the equation d. = L — d, — 2d,,. The values of
L, d., and d, for PLLA-b-PEO copolymer crystallized at 100 °C are 15.0, 4.6, and
7.6 nm, respectively. The values of d. and d, increase slightly to 4.7 and 7.6 nm,
respectively, at 110 °C. The corresponding crystalline morphologies at 100 and
110 °C are both spherulitic. While for PLLA-H-PEO copolymer films crystallized at
120 °C from the melt, the long period increases to 16.3 nm, and the crystal
thickness is 4.8 nm, while the amorphous layer thickness is nearly 8.8 nm. The
morphology at 120 °C is dense branched, which is different from the morphologies
in the low temperature range. At 125 °C shown in Fig. 2f, dendritic morphology
was observed.
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Fig. 3 a SAXS patterns of PLLA16k-b-PEOSk copolymer isothermally crystallized at 100, 110, and »
120 °C for 15 min from the melt. b Structural parameters including L, d., and d, corresponding to (a).
¢ The morphology changes with microstructure and crystallization temperature

Based on the analysis of the SAXS data, we found that the values of
d,/L calculated from SAXS increase with temperature. In the low-temperature range
(T, < 115 °C), the values of d,/L are ca. 0.50, while in the high-temperature range
(T, > 115 °C), the value of d,/L are ca. 0.54 at 120 °C. Interestingly, the
morphology change can be shown as a function of the value of d,/L in Fig. 3c,
indicating the increase of the volume fraction of amorphous phase is probably
related to the formation of dendrites at high T.. T, defined as the boundary
temperature, which classifies the nucleation, morphology, and crystallization of
PLLA block into the high- and low-temperature range. It is known that the
morphology and structure of PLLA-b-PEO copolymers were determined by the
interplay of crystallization (nucleation, PLLA chain diffusion, and growth) of PLLA
block and the simultaneous microphase separation of PLLA and PEO blocks. In the
process, nucleation and crystallization growth of PLLA occurred driven by
supercooling. PLLA block can preferentially attach on the growth front around the
crystallization growth points. At 100 and 110 °C, the supercooling is relatively
large, and then nucleation and crystallization occur quickly. Meanwhile, the volume
fraction of amorphous layer is relatively small in the initial stage confirmed by
SAXS, indicating the confinement on the PLLA chain diffusion is relatively weak.
Spherulitic morphology is produced. At 120 °C, the supercooling is relatively small,
and it is difficult for nucleation. PLLA- and PEO-rich domains are formed by
microphase separation which is driven by crystallization of PLLA, but the volume
fraction of amorphous layer is relatively larger revealed by SAXS. The accumu-
lation of amorphous components in the vicinity of the protrusions of crystallization
growth points reduced the super-saturation of PLLA in PLLA-rich domains, and
prevents further growth in the immediate vicinity of the trailing edge by confining
the diffusion of PLLA chains. Consequently, branched or dendritic morphologies
are formed, and the amorphous phases are distributed among the crystalline
branches of PLLA. At 115 °C shown in Fig. 2d, the peculiar morphology is the
transitional morphology from spherulite to dense branches.

The morphologies of PLLA16k-b-PEOSk copolymer films crystallized at low
crystallization temperatures (55 and 60 °C) from the melt state were also
investigated, they were shown in Fig. 4a and b. Separate spherulites can be
obviously observed by POM. For PLLA homopolymer, separate spherulite can only
be observed by POM at 80 °C (Fig. 5c¢) and above (e.g., 88 °C shown in Fig. 5d).
Dense small spherulites are formed at 75 °C (Fig. 5a) and 78 °C (Fig. 5b).
Comparison the morphologies of PLLA16k-b-PEO5k copolymer in Fig. 4 and those
of PLLA homopolymer in Fig. 5, the addition of PEO block influences the
crystallization behavior of PLLA block, which leads to a decrease in the
crystallization temperature of PLLA block, nucleation, and the size of spherulite
at low T.. The morphology and structure of PLLA-b-PEO copolymers determined
by microphase and separation from the melt were investigated. The results indicated
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Fig. 4 Morphologies in PLLA16k-b-PEOSk copolymer films crystallized at a 55 and b 60 °C from melt
state. The bar corresponds to 100 pm

Fig. 5 Morphologies in PLLA homopolymer films crystallized at a 75, b 78, ¢ 80, and d 88 °C from melt
state. The bar corresponds to 100 pm

that crystallization of PLLA block determined the morphologies and phase
structures. However, the addition of PEO block also affects the crystallization
behavior of PLLA, and the morphologies and phase structures of the copolymers.
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Fig. 6 Morphologies in PLLA16k-b-PEO5k copolymer films crystallized at a 110, b 115, ¢ 120, and
d 125 °C from 30 °C with heating after quenching from annealing temperature. The bar corresponds to
100 pm

Morphologies and structures determined by crystallization, microphase
separation, and vitrification in process B

A distinct annealing process (named process B) was carried out. PLLA-b-PEO
copolymer films were completely melted, and then quickly cooled to 30 °C, which
is below the T, of PLLA block, kept at 30 °C for 5 min, and then heated to the
temperatures for isothermal crystallization. During the annealing and isothermal
process at 30 °C, microphase separation occurs driven by crystallization of PEO
component in PLLA16k-b-PEOSk copolymer [15, 16, 19], and even maybe
immiscibility of the two unlike blocks.

When heated above T, of PLLA block and Ty, of PEO block, PEO blocks melts,
and PLLA chain segments start to move. However, PLLA-b-PEO copolymers are
not homogeneous at low temperature. Consequently, the crystallization of PLLA
block in process B is from ordered state, which is absolutely different from that in
process A.

Morphologies of the diblock copolymers prepared at various 7, in process B are
shown in Fig. 6 for PLLA16k-b-PEO5k films and Fig. 7 for PLLA30k-b-PEO5k
films. Star-shaped (or flower-shaped) morphologies were observed in the films
shown. No Maltese cross can be seen by POM, and the boundary lines of the two
morphologies are not linear but irregularly curvilinear, which both confirm that the
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Fig. 7 Morphologies in PLLA30k-»-PEOSk copolymer films crystallized at a 110 and b 120 °C from
30 °C with heating after quenching from annealing temperature

Fig. 8 Morphologies of PLLA homopolymer films crystallized at a 90 and b 120 °C heated from 30 °C
after quenched from melt state. The bar corresponds to 100 pm

morphologies are not spherulites, but a new kind of morphologies which has never
been reported for PLLA and its copolymers. In comparison, the crystalline
morphologies of PLLA homopolymer crystallized at the same condition as process
B are shown in Fig. 8, and they are spherulites at crystallization temperatures of 90
and 120 °C. The differences of the morphologies shown in Figs. 2, 6, 7, and 8
indicate the pre-structure formed during annealed process greatly affect the
crystallization and morphology.

In order to get more information of the star-shaped morphology, AFM was used,
and their typical height and the phase images are shown in Fig. 9. It is found that the
morphological features are absolutely different from those of PLLA-b-PEO
copolymers in melt crystallization and PLLA homopolymer. The morphologies
shown in Figs. 6 and 7, which are tens microns or even a hundred microns in size, are
composed of lozenge-shaped and truncated lozenge-shaped PLLA crystals shown in
Fig. 9. The thickness of the lamellae is nanometer scale, which is same as that of
PLLA single crystal. Multi-layer structure can be observed in Fig. 9a—a’, b-b’, and
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Fig. 9 AFM images of PLLA-b-PEO copolymer films. PLLA16k-b-PEOSk: crystallized at a 130, b 110,
and ¢ 125 °C; PLLA30k-b-PEOSk: d 110 °C from 30 °C with heating after quenching from annealing
temperature
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Fig. 10 SAXS profiles of PLLA16k-b-PEOSk diblock copolymer obtained at 180 °C and quenched from
180 to 30 °C at 0 and 5 min

c—, and lamellae with abundance of screw dislocation are shown in Fig. 9d—d'.
Meanwhile, Fig. 9b-b’ and c—' indicate that the superstructure shown in Fig. 6 is
stacked with small crystals. Morphologies stacked with lozenge-shaped crystals of
PLLA have been reported in PLLA homopolymer thin films and PLLA diblock
copolymer thin films in melt crystallization [15, 16, 19, 20]. Lozenge-shaped and
truncated lozenge-shaped PLLA crystals formed in PLLA-b-PEO thick films (shown
in Fig. 9a—a’ and d—d’) in process B indicate that the amorphous layer is sandwiched
between the PLLA-rich layers, and the average PLLA-rich layer thickness is much
smaller than the copolymer film thickness.

The copolymers were disordered when melted at 180 °C shown by the SAXS
profile labeled 180 °C in Fig. 10. PLLA blocks do not crystallize during the
annealing process because of the rapid cooling rate. When temperature is below 7,
of PLLA block, vitrification of PLLA-rich phase may occur. Because of the rapid
cooling rate, vitrification of PLLA chains is probably lagged to the temperature. As
a result, there is no peak in the SAXS profile labeled 30 °C 0 min in Fig. 10. When
temperature reaches T, of PEO block in PLLA16k-b-PEOS5k copolymer, PEO can
crystallize [16]. Consequently, there is a peak in SAXS profile at 30 °C, isothermal
for 5 min shown in Fig. 10, indicating the occurrence of phase structure transition
driven by crystallization of PEO block and vitrification of PLLA block. Alternate
PLLA- and PEO-rich domain can be formed.

The initial stage of crystallization process of the PLLA16k-b-PEOS5Sk copolymers
at 120 °C in process B was followed by SAXS, and the results are shown in
Fig. 11a. In process B, the crystallization of PLLA is heating from 30 °C (below T,
of PLLA block), while in melt crystallization, the crystallization of PLA is annealed
from complete melt. Obviously, the mobility of PLLA chain segments in process B
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Fig. 11 a SAXS profiles of PLLA16k-b-PEOSk copolymer isothermally crystallized at 120 °C for 0, 2,
4, 6, 8, 10 min from 30 °C with heating after annealing from 180 °C. b Structure transition during the
crystallization process

is relatively weaker, and the confinement of microstructure on PLLA chain diffusion
is relatively larger, so the crystallization growth rate is smaller than that in melt
crystallization.

The structural parameters including the long period (L), crystal thickness (d.),
and amorphous layer thickness (d,) as a function of crystallization time are shown in
Fig. 11b. The long period exhibits a nearly constant value from 0 to 10 min and the
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crystal thickness increases with time, while the amorphous layer thickness decreases
with time. The changes of the structural parameters in Fig. 11b indicate that the
crystallization of PLLA block may occur within the PLLA-rich microdomains in the
initial stage. The amorphous phase confines the diffusion and crystallization growth
of PLLA block. Dendrites can be consequently formed as shown in Figs. 6 and 7.
The size of these PLLA-rich domains is much smaller than the film thickness,
which may be hundreds nanometers or even tens nanometers. In such a small
domain, lozenge-shaped and truncated lozenge-shaped crystals can be formed
[15-18, 33-38].

Conclusions

The morphological features and phase structure of PLLA16k-b-PEOSk and
PLLA30k-b-PEOSk crystalline—crystalline diblock copolymers determined by
crystallization of PLLA or PEO blocks, microphase separation of the copolymers
and vitrification of PLLA block were investigated by POM, AFM, and synchrotron
SAXS. In melt crystallization, microphase separation of the copolymers is driven by
the crystallization of PLLA block, and microstructures formed by simultaneous
microphase separation has soft confinement on further crystallization of PLLA
block. The crystallization of PLLA will cover the pre-structure, and determine the
final morphology. Morphological transition from spherulite to various dendritic
morphologies with T is observed, which is probably related with the increase of the
volume fraction of amorphous phase.

The phase structure transition in process B is complicated. In PLLA16k-b-PEO5k
copolymer thick films, microphase separation is driven by crystallization of PEO
block (or even immiscibility of PLLA and PEO blocks at low temperature). The pre-
structure formed by microphase separation and vitrification of PLLA block will
affect the crystallization and morphology of the copolymers. Star-shaped morphol-
ogies stacked with PLLA single crystals were observed. The amorphous layer
divides the PLLA-rich phase into small domains, which is much smaller than the
copolymer film thickness. As a result, lozenge-shaped and truncated lozenge-shaped
PLLA crystals can be formed.
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