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ABSTRACT: The crystallization of well-defined poly(L-lactide)-b-poly(e-caprolactone) diblock copolymers,
PLLA-b-PCL, was investigated by time-resolved X-ray techniques, polarized optical microscopy (POM),
and differential scanning calorimetry (DSC). Two compositions were studied that contained 44 and 60
wt % poly(L-lactide), PLLA (they are referred to as LssCs6'* and Leo'2Cao®, respectively, with the molecular
weight of each block in kg/mol as superscript). The copolymers were found to be initially miscible in the
melt according to small-angle X-ray scattering measurements (SAXS). Their thermal behavior was also
indicative of samples whose crystallization proceeds from a mixed melt. Sequential isothermal crystal-
lization from the melt at 100 °C (for 30 min) and then at 30 °C (for 15 min) was measured. At 100 °C only
the PLLA block is capable of crystallization, and its crystallization kinetics was followed by both WAXS
and DSC; comparable results were obtained that indicated an instantaneous nucleation with three-
dimensional superstructures (Avrami index of approximately 3). The spherulitic nature of the super-
structure was confirmed by POM. When the temperature was decreased to 30 °C, the PCL block was
able to crystallize within the PLLA negative spherulites (with an Avrami index of 2, as opposed to 3 in
homo-PCL), and its crystallization rate was much slower than an equivalent homo-PCL. Time-resolved
SAXS experiments in Lgy'2Cy” revealed an initial melt mixed morphology at 165 °C that upon cooling
transformed into a transient microphase-separated lamellar structure prior to crystallization at 100 °C.
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Introduction

Self-assembly in block copolymers is usually triggered
by the thermodynamic repulsion between the covalently
bonded chains that provokes microphase segregation
below the order—disorder transition temperature (Topr)
and the generation of fascinating morphologies.! Crys-
tallization usually complicates the morphological fea-
tures of block copolymers since it competes with phase
segregation. Depending on the segregation strength and
on the relative values of the glass transition tempera-
ture (Ty), the crystallization temperature (T.) and the
Topr many different morphologies can be generated.
Depending on the segregation strength in the melt,
either crystallization can be confined within the copoly-
mer microdomain structure for strongly segregated
systems or crystallization can drive structure formation
for weakly segregated melts (overwriting any previous
microdomain structure) or homogeneous systems. Sev-
eral recent reviews deal with semicrystalline block
copolymer properties.2~4

The synthesis of biodegradable block copolymers with
polyester building blocks has attracted much recent
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interest in view of their numerous biomedical applica-
tions.> However, few studies can be found that are
devoted to the crystallization and structure of complex
double crystalline well-defined diblock copolymers that
are at the same time biodegradable.5~12 We have previ-
ously studied the morphology, nucleation, and crystal-
lization kinetics of poly(p-dioxanone)-b-poly(e-caprolac-
tone) diblock copolymers.6~8 The combination of building
blocks that are quickly degraded by hydrolysis (like
poly(p-dioxanone) or polylactides) with the much more
stable poly(e-caprolactone) can yield materials with
tunable lifetime for in vivo applications.

Two previous works on the crystallization of well-
defined poly(L-lactide)-b-poly(e-caprolactone) diblock co-
polymers, PLLA-b-PCL, have recently been publish-
ed.10-11 Kim et al.!® report the synthesis and charac-
terization of PLLA-6-PCL employing a macroinitiator
of hydroxyl-terminated PCL followed by ring-opening
polymerization of L-lactide. They obtained polymers
with polydispersities in the range 1.3—1.6. For a co-
polymer containing 32 wt % PCL and a number-average
molecular weight, M, of 77 000 g/mol they found by
rheological measurements a Topr of 220 °C. In the case
of another sample containing 37.4 wt % PCL and 19 000
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g/mol they found a homogeneous melt just above the
melting point of the PLLA block at 175 °C. Kim et al.1®
investigated the crystallization of the PLLA block only,
since they employed high crystallization temperatures
(T.) at which the PCL block was molten.

The segregation strength is usually expressed! for
block copolymers as the product of the Flory—Huggins
interaction parameter and the block copolymer degree
of polymerization: yN. In the particular case of PLLA-
b-PCL, Ho et al.ll have roughly estimated yNV to be in
the range 2.9—4 for a temperature range from 180 to
50 °C for a polymer with an M, value of 23 600 g/mol
and a 73.7 wt % PLLA content. Since these values are
quite low in comparison with the expectation of the
mean-field theory for block copolymers in the weak
segregation regime, it is expected that the crystalliza-
tion proceeds from a mixed melt. Furthermore, the
morphology obtained was consistent with crystallization
from a melt mixed system.!! In this investigation, Ho
et al. demonstrated the feasibility of preparing large
sized well-oriented microdomains of PLLA-6-PCL em-
ploying different crystalline substrates like benzoic acid
and hexamethylbenzene.

In this work, we investigate the structure and crys-
tallization of both the PLLA and the PCL blocks within
PLLA-b-PCL diblock copolymers employing time-re-
solved SAXS (small-angle X-ray scattering) and WAXS
(wide-angle X-ray scattering) techniques as well as DSC
(differential scanning calorimetry) and POM (polarized
optical microscopy).

Experimental Section

Synthesis. PLLA-6-PCL diblock copolymers were synthe-
sized by controlled/“living” sequential block copolymerization
as initiated by aluminum trialkoxides in toluene solution.!#

Materials. e-Caprolactone (CL) from Acros was dried over
CaH, for 48 h, distilled under reduced pressure, and stored
under inert atmosphere. LL-Dilactide (LA) (=99%, from Boe-
hringer, Ingelheim, Germany), crystallized from toluene, was
purified just before use by sublimation under vacuum (1073
mbar, 85 °C). Aluminum triisopropoxide (Al(O'Pr)3) from Acros
was distilled under reduced pressure in a previously flamed
and nitrogen-purged conventional apparatus. Condensed at the
temperature of liquid nitrogen, Al(O'Pr); was allowed to warm
to room temperature, rapidly dissolved in dry toluene, and
stored under a nitrogen atmosphere. The accurate solution
concentration was determined by back complexometric aque-
ous titration of Al3* with standard solutions of Na;EDTA and
ZnSO4 at pH 4.8. 2-Propanol from Aldrich was dried with
calcium hydride and distilled under vacuum. Toluene (99%,
from Labscan) was dried by refluxing over calcium hydride
for at least 48 h and distilled under a Ny atmosphere just
before use.

Instrumentation. '"H NMR spectra were recorded using a
Bruker AMX300 spectrometer at room temperature in CDClg
(10 mg/0.6 mL). Size exclusion chromatography (SEC) was
performed in THF at 35 °C using a Polymer Laboratories liquid
chromatograph equipped with a PL-DG802 degasser, an
isocratic HPLC pump LC 1120 (1 mL/min flow rate), a
Marathon autosampler (200 x«L loop volume, 1 mg/mL solution
concentration), a PL-DRI refractive index detector, and a set
of three columns: a PL gel 10 um guard column and two PL
gel Mixed-B 10 um columns. Molar masses and molar masses
distribution were calculated with reference to polystyrene
standards. Molecular weights and molecular weight distribu-
tion were calculated with reference to polystyrene standards.
The absolute average-number molecular weight (M) of PCL
was calculated using a universal calibration curve and poly-
styrene standards in THF at 35 °C (K for PS = 1.25 x 10~
dL/g, a for PS = 0.707; K for PCL = 1.09 x 1072 dL/g, a for
PCL = 0.600 in the [y] = KM® or Khun—Mark—Houwink
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Table 1. Molecular Characteristics of the Block
Copolymers and Homopolymers

PLLA/PCL My exp® M exp®
sample code exp comp® PLLA block  PCL block G
PLLA2%4 100/0 23 900 1.1
Leo!2C4o? 60/40 12 400 8 500 1.1
LyaMCs6* 44/56 11 100 14 200 1.3
PCL% 0/100 28 900 1.3

@ Experimental composition as determined by H NMR. ¢ Cal-
culated M, estimated by 'H NMR for the PLLA block knowing
the M, of the PCL block determined by SEC. ¢ Experimental M,
estimated by SEC for the PCL block. ¢ Polydispersity index of the
final copolymer (determined by SEC).

relationship). Molecular weight and molecular weight distribu-
tion for PLLA homopolymer were calculated by reference to a
universal calibration curve relative to PS standard and using
the Kuhn—Mark—Houwink equation for PLLA in THF: M,-
(PLA) = 0.4055 x M,(PS)1.0486.

Procedure. First, e-CL polymerization was initiated by Al-
(OiPr); in toluene solution at 25 °C for 48 h. Then, LL-lactide
was added and polymerized at 70 °C for 7 days. Because of
the reactivity difference of AI(O'Pr); toward the two monomers
(ca. 1 active alkoxide site per Al atom for e-CL vs 3 active sites
per Al atom for LA), 3 equiv of dried 2-propanol was added to
the starting polymerization medium in order to activate all
aluminum alkoxide groups and to avoid formation of PLLA
homopolymer during the second step. After polymerization and
hydrolytic deactivation of the active aluminum alkoxide species
by adding some drops of diluted HCl, the (co)polyesters were
isolated by selective precipitation from an excess of cold
methanol. Catalyst residues were removed out before charac-
terization as reported by Dubois et al.!* Part of the reaction
medium was picked out before adding lactide in order to
determine the PCL block parameters by '"H NMR and SEC
(see Table 1). For the sake of comparison, two homopolyesters,
PCL and PLLA, have been synthesized as well.

Physical Characterization. SAXS/WAXS. Simultaneous
small-angle and wide-angle X-ray scattering experiments were
performed on station 6.2 at the Synchrotron Radiation Source,
Daresbury Lab, UK.1516 Samples contained in DSC pans
modified to incorporate mica windows to allow transmission
of the X-ray beam were mounted in a Linkam DSC cell of
single pan design for thermal treatment. The X-ray wavelength
was A = 1.40 A. Simultaneous SAXS and WAXS data were
collected on a pair of one-dimensional micro-gap wire detectors
based on the RAPID2 system.!® The SAXS detector had a
quadrant design, and the WAXS detector was curved with a
60° 26 acceptance angle. The wavenumber g = 4 sin 6/ for
SAXS was calibrated using rat-tail collagen, and the WAXS
angular scale was calibrated using NBS silicon and high-
density polyethylene.

DSC. A Perkin-Elmer DSC-7 power compensated differen-
tial scanning calorimeter was employed. Samples with ap-
proximately 5 mg in weight were encapsulated in aluminum
pans. The equipment was calibrated with indium and hexatri-
acontane, and an ultrapure nitrogen atmosphere was employed
as circulating atmosphere. Measurements during cooling and
heating at 10 °C/min as well as in isothermal mode were
performed.

POM. The superstructural morphology was observed in thin
films prepared between microscope coverslips by melting the
polymer at 190 °C for 3 min and then quickly cooling to the
isothermal crystallization temperature in a Linkam TP-91 hot
stage. The samples were placed between crossed polarizers in
a Zeiss MC-80 optical microscope equipped with a camera sys-
tem. To enhance contrast and determine the sign of the spher-
ulites, a 4 wave plate was inserted between the polarizers.

All samples for SAXS/WAXS, DSC, and POM were prepared
by solvent evaporation from chloroform solutions.

Results and Discussion
Figure 1 shows DSC cooling scans (performed at 10
°C/min) of the two diblock copolymers and equivalent
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Figure 1. DSC cooling scans at 10 °C/min, after melting at
200 °C for 3 min.
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Figure 2. DSC subsequent heating scans (at 10 °C/min) to
the cooling scans presented in Figure 1.

homopolymers and Figure 2 shows subsequent heating
scans while Table 2 lists the observable transition en-
thalpies and temperatures. Previous estimates of y/NV
values for the PLLA-b-PCL diblock copolymers indicate
that they are well below 10 for the temperatures and
molecular weight ranges employed here, so miscibility in
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the melt is expected and has been previously observed.!!
The results presented in Figures 1 and 2 and in Table
2 also indicate that the system is miscible in the melt
and undergoes phase segregation when each block crys-
tallizes. Our SAXS experiments performed in the melt
also support the initial miscibility of the diblock copoly-
mers at temperatures ranging from 190 to 160 °C (see
below).

Figure 1 shows that the PLLA block within Lgo!2Cy40°
crystallizes during cooling from the melt at lower
temperatures than PLLA homopolymer and to a much
lower extent. This is a consequence of the miscibility of
the system. The T, of PLLA can be clearly observed in
the heating scan of Figure 2 at 59.8 °C. The correspond-
ing T, for PCL is at —63 °C (results not shown). In the
block copolymers, the T of the semicrystalline blocks
is difficult to detect by DSC. Using the Fox equation!”
to determine an approximate value of the 7T, of a
miscible system, a T; value of approximately —1 °C can
be obtained for Lgy'?Cao”. The T of the system decreases
to —20 °C, according to the Fox equation, for the
copolymer with a higher amount of PCL (i.e., Ly!1Cs¢!4);
this is the reason why the PLLA block within Ly4!1C5¢'*
crystallizes more than Lgo!2Cy40°, and its crystallization
temperature is shifted to lower values (see Table 2).

The PCL block in the copolymers also crystallizes
during cooling from the melt and at lower temperatures
when compared to that of the PCL homopolymer. For
the Ly4!Cs¢'diblock copolymer the crystallization of the
PCL block occurs at lower temperatures and to a much
lower extent than for Lg!2C40?, a fact that may also be
related to the relative T values of the amorphous phase.
The heating runs presented in Figure 2 reflect the
expected behavior after the cooling scans in Figure 1.
The peak melting point of the PLLA block in the
copolymers is lower than in the homopolymer and
decreases as the content of PCL increases, a fact that
is consistent with a mixed amorphous phase. Invariance
of Ty, with block copolymer composition would be
expected for immiscible polymer pairs in the composi-
tion range studied here.!=* The cold crystallization of
PLLA is more pronounced in Lgy!2Cy4°, the copolymer
where the crystallization during the cooling scan was
more hindered. The PCL block also shows a slight
depression of its Ty, value which is probably related to
the previous crystallization behavior.

That both PCL and PLLA blocks were crystalline at
room temperature was confirmed by WAXS. Figure 3
compares a typical WAXS pattern for Ly!1Cs¢!* with
data for each homopolymer in the crystalline state. The
very strong peak at 260 = 14.8° corresponds closely to
the 110/110/200 reflections at 26 = 15.083° and 15.093°
of the o-form of PLLA. (The powder diffraction pattern
was calculated using the crystallographic information
in ref 18.) The next peak at 20 = 17.0° is close to the
position expected for the sets of 113 and 203 reflections
of the a-form of PLLA, 20 = 17.259° and 20 = 17.268°.18

Table 2. Thermal Properties Obtained from DSC Scans Presented in Figures 1 and 2

PCL PLLA
sample T.(°C) Tn(°C) AH.(J/g) AHn(J/g) Ty(°C) T&(°C) T (°C) Tw (°C) AHe (Jlg) AHS (J/g) AHn (J/g)
PLLA? 59.8 105.0 952 173.0 29 17 68
Leo'2Cyo® 6.8 55.4 27 41 97.8 77.4-1529  169.5 —6 27-7 69
Lys''Cs6'*  17.3 56.5 40 49 76.9—151.4  167.5 12 17-2 75
PCL*» 28.0 58.0 63 68

@ Values of crystallization temperatures and enthalpies of PLLA during cooling scans. ® Values of crystallization temperatures and

enthalpies of PLLA during heating scans.
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Figure 3. WAXS data: (+) block copolymer Ly!Cs¢'4, (M)
PLLA homopolymer, (O) PCL homopolymer. Data for block

copolymer and PCL homopolymer recorded at 30 °C, and data
for PLLA recorded at 100 °C. The lines are guides to the eye.
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Figure 4. WAXS data for block copolymer L44''Cs6!* obtained
starting at 190 °C, quenching at 50 °C/min to 100 °C where
PLLA crystallizes (30 min hold), and then quenching at 50
°C/min to 30 °C (15 min hold) where PCL crystallizes.

It is noticeable that the two PLLA peaks from the
PLLA block in Ly!Csg!* are shifted significantly to
higher angle as compared to those for the homopolymer,
pointing to a reduction in unit cell parameters. A similar
effect was observed for Lgy'2C4?, although to a lesser
extent. This is not the case for the PCL block. Three
strong peaks at larger 26 are in the same position as
those for PCL homopolymer. The first reflection at 20
= 19.2° is close to the position of the 110 reflection of
PCL, and the shoulder at 260 = 19.8° may be the 111
peak, although its position is shifted from that expected
(20 = 20.02°) based on the published crystal structure.®
The final prominent peak is the 200 peak from PCL.

The crystallization of PCL and PLLA in the block co-
polymers was confirmed by step cooling experiments,
starting from the melt at a temperature 7' = 190 °C
above the melting point of both blocks. The first quench
was to T'= 100 °C, at which temperature PLLA crystal-
lizes (peak T = 95 °C for PLLA homopolymer from DSC,
see Table 2), and then to 30 °C, where PCL crystallizes
also (the temperature profile is shown in Figure 6).

Figure 4 shows time-resolved WAXS data obtained
during the sequence of experiments described above for
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Figure 5. (O) WAXS data for block copolymer Ly''Cs6!4 at
30 °C, when both blocks have crystallized. The solid line

indicates a fit to six Lorentzian functions with a cubic
polynomial background.

L4411Cs6'%. The rapid development of peaks from crystal-
line PLLA soon after the temperature reached 100 °C
is evident (see also Figure 6). After 30 min at 100 °C
the temperature was decreased to 30 °C. Then the
appearance of the three peaks from crystalline PCL (as
discussed above) is clearly seen. These grow shortly
after the temperature reaches 30 °C. The peak at 20 =
17.7° that persists for the whole experiment (also in
Figure 11) is due to the mica windows in the DSC pan
employed for X-ray measurements.

To analyze the crystallization kinetics, the WAXS crys-
tal peaks were fitted to a series of Lorentzian functions,
with a cubic polynomial background to allow for the con-
tribution of amorphous scattering (the background was
fixed during the fitting). Figure 5 shows a representative
fit for one of the final frames in Figure 4 corresponding
to Ly4'1Cs6!%, where both blocks are semicrystalline. The
quality of fit is excellent, allowing accurate determina-
tion of peak positions, widths, and intensities.

Figure 6 shows the evolution of peak intensities for
L441C5¢'* determined in the way previously described.
The increase in intensity of the strong PLLA reflection
(at 260 = 14.8°) during the isothermal crystallization at
100 °C follows a sharp increasing function during the
first 5 min corresponding to PLLA crystallization. Later,
a slower growth of the peak intensity can be seen until
the programmed 30 min at 100 °C is over; this continu-
ous increase in intensity may correspond to the final
stages of the secondary crystallization. Then a curious
phenomenon occurs when the temperature was dropped
to 30 °C. A sharp reduction in the peak intensity of the
crystalline PLLA reflection can be seen as PCL crystal-
lizes. The crystallization of PCL was followed by moni-
toring the increase in intensity of the 110 reflection of
the PCL (at 260 = 19.2°). This suggests a reduction in
crystallinity of PLLA as PCL crystallizes. It is possible
that to accommodate the crystallization of PCL some
rearrangement of the PLLA chains is necessary, which
is accomplished by local melting. A small increase in
peak position from 26 = 14.71° to 26 = 14.83° occurs
simultaneously, pointing to a change in the a and b
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Figure 6. Height of WAXS peaks for block copolymer
L4411Cs6* from fitted Lorentzian functions: (O) 20 = 14.8°
reflection of PLLA, (M) 110 reflection of PCL. The solid line
indicates the temperature measured by the DSC instrument
(Linkam) employed in the X-ray setup. The vertical arrows at
the axis indicate the times at which the target crystallization
temperature was achieved and therefore the initial time
considered for fitting the Avrami equation (see Figure 9 and
its discussion).

dimensions of the PLLA unit cell (i.e., a lateral contrac-
tion) in the block copolymer. Another possibility that
may explain the above results is that a change in the
structure factor (Fjx;) could occur since the unit cell is
being distorted. However, SAXS evidence below (see
Figure 15 and its discussion) also points to a reduction
of crystallinity. It may be that both effects are taking
place simultaneously.

We have reproduced by parallel DSC tests the experi-
ments performed by WAXS in Figure 6. Figure 7 shows
the isothermal crystallization exotherms obtained first
at 100 °C and then at 30 °C. A cooling rate of 50 °C/
min, which is identical to that employed in the WAXS
experiments, was used before each isothermal crystal-
lization period. Also included in Figure 7 is a final
heating scan (at 10 °C/min) from 30 °C and where the
melting endotherms of both blocks are clearly seen.
Figure 8 plots the data in enthalpy as a function of time
to parallel Figure 6. The behavior is analogous except
that in the DSC more data points were collected during
the isothermal steps.

Figure 9 compares the results obtained by DSC and
WAXS. The results have been normalized by the maxi-
mum values of the variables being measured after a
certain crystallization time. In this way, o, represents
the relative fraction of material that has been trans-
formed to the crystalline state at any given time. The
crystallization isotherms at 100 °C presented in Figure
9a for the PLLA block within L44!!Cs¢'4 are in good
agreement despite the intrinsic differences in the tech-
niques employed. In the case of the PCL block the
agreement is not good, partly because the X-ray data
are scarce especially at the start of the crystallization.

Similar X-ray and DSC experiments were performed
for the other block copolymer, i.e., Lg!2Cy°. The tem-
perature profile and fitted peak heights are shown in
Figure 10, while the original frames of WAXS data are
presented in Figure 11. Note that the cooling rate in
the second step from 100 to 30 °C was not rapid due to
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Figure 7. (a) DSC isothermal crystallization data taken at
100 °C for 30 min (a temperature at which only the PLLA block
crystallizes), after cooling at 50 °C/min from 190 °C for
L4 Cs6'%. (b) Subsequent isothermal crystallization at 30 °C
for 15 min (a temperature at which the PCL block crystallizes),
after cooling at 50 °C/min from 100 °C. (c) Final subsequent
DSC heating scan at 10 °C/min.
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Figure 8. Crystallization enthalpies vs time (obtained from
the data reported in Figure 7) for block copolymer Ly "Csg!:
(O) PLLA block, (W) PCL block. The solid line indicates the
temperature measured by the DSC instrument (Perkin-Elmer
DSC-7). The vertical arrows at the axis indicate the times at
which the target crystallization temperature was achieved and
therefore the initial time considered for fitting the Avrami
equation (see Figure 9 and its discussion).

a problem with the liquid nitrogen cooler. Nonetheless,
these data clearly show again two independent crystal-
lization events for the PLLA and the PCL blocks. The
decrease in intensity of the 260 = 14.8° peak after the
main PLLA crystallization (at times greater than 7.5
min) may be due to sample movement within the DSC
pans employed for the measurements. Nevertheless,
there is also again a reduction in intensity of the
primary PLLA Bragg reflection (and a small shift to
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Figure 9. Plots of relative conversion vs time derived from
WAXS data (data points) and DSC data (solid lines) for (a)
PLLA block within Ly4Cs6!* copolymer at T. = 100 °C. (b)
PCL block within LysCs6!* copolymer at T.. = 30 °C.
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Figure 10. Height of WAXS peaks for block copolymer
Lgo'2Cao® from fitted Lorentzian functions: (O) 20 = 14.8°
reflection of PLLA, (M) 111 reflection of PCL. The solid line
indicates the temperature measured by the DSC instrument
(Linkam) employed in the X-ray setup. The vertical arrow at
the axis indicate the time at which the target crystallization
temperature was achieved for the PLLA block and therefore
the initial time considered for fitting the Avrami equation (see
Figure 13 and its discussion).

higher angle) as PCL crystallizes. Incidentally, the PCL
block cannot complete its crystallization during the
programmed 15 min isotherm at 30 °C. This can be
clearly observed in the DSC experiment that parallels
WAXS in Figure 12. Once more a good agreement
between WAXS and DSC isothermal crystallization

20 (\=1.4 A)

Figure 11. WAXS data for block copolymer Lgy2C4o° obtained
during the temperature ramp shown in Figure 10.
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Figure 12. Crystallization enthalpies vs time for the Lg!2Cyo®
block copolymer: (O) PLLA block, (M) PCL block. The solid
line indicates the temperature measured by the DSC instru-
ment (Perkin-Elmer DSC-7). The vertical arrows at the axis
indicate the times at which the target crystallization temper-
ature was achieved and therefore the initial time considered
for fitting the Avrami equation (see Table 3).
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Figure 13. Plots of relative conversion vs time derived from
WAXS data (data points) and DSC data (solid lines) for (a)
PLLA block within Lg'2C4o° copolymer at 7. = 100 °C.

kinetic measurements can be observed for the PLLA
block within Lgo!2C40° in Figure 13.

SAXS data for Lgy!2C40° obtained concurrently with
the WAXS data are shown in Figure 14. Four selected
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Figure 14. SAXS data for block copolymer Lgy'2C4o° obtained
concurrently with the WAXS data shown in Figure 11.

W 1
L e 4
Cu M
# b
i M‘{F - " Wﬁ"ﬂ
=" MWWWW

Intensity (arb. units)

0.01 0.02 0.03 0.04 0.05 0.06

q (A7)

Figure 15. Selected frames of SAXS data for block copolymer
Lgo'2Cy4o? (cf. Figure 14, although here the data are shown on
a linear scale): (O) in the melt on cooling from 190 °C (at
approximately165 °C), (B) in the melt on cooling from 190 °C
(just after reaching 100 °C), (+) at 100 °C, (<) at 30 °C.
frames of the data presented in Figure 14 are plotted
separately and are therefore better appreciated in
Figure 15. The first SAXS pattern (from the bottom up)
shown in Figure 15 was taken during cooling from 190
°C just as the temperature reached 165 °C, and since it
shows a single sharp reflection this indicates a homo-
geneous melt state. It has been demonstrated previously
that diblock copolymers that are being examined by
SAXS at temperatures where their morphology is a
homogeneous melt, produce a characteristic peak in the
scattering pattern due to the correlation hole effect.20-22
The sample was cooled further, and just when the
temperature reached 100 °C the second SAXS trace
shown in Figure 15 was obtained. This trace evidences
a transient microphase-separated lamellar structure in
the melt, since there was a strong increase in peak
intensity and a higher-order reflection at 2¢* developed,
prior to PLLA crystallization. The sharpness of the
initial reflection from the melt indicates that PLLA
crystallization will occur from an ordered melt. The
origin of such a transient lamellar phase and whether
it may be considered a precursor for the crystallization
of the PLLA block are at the moment unknown; how-
ever, we expect to conduct future time-resolved X-ray
experiments to investigate this phenomenon in detail.

Upon crystallization of the PLLA block within
Lgo'2C4?, after waiting some time at 100 °C, a sharp
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peak on top of a broad diffuse maximum is observed (see
the third SAXS trace from the bottom up in Figure 15).
The peak position shifts from ¢* = 0.0240 + 0.0002 A~!
(d = 262 A) in the melt at 165 °C to ¢* = 0.0230 +
0.0002 A7t (d = 273 A) at 100 °C, where PLLA is
crystalline (and a similar value at 30 °C when PCL
crystallizes). The reduction in ¢* is consistent with a
crystalline lamellar structure with a larger domain
spacing, as expected as the PLLA chains adopt a more
extended conformation. Estimates of chain length within
the respective crystals indicate that both blocks must
be multiply folded to accommodate the chains within
the measured spacings. The broad scattering feature is
due to amorphous polymer.220 The SAXS profile re-
mains qualitatively similar when the crystallization of
PCL occurs, although there is a reduction in peak
intensity and a shift in the amorphous halo toward
higher ¢*, pointing to a decrease in thickness of PCL
amorphous layers that accompanies the reduction in
PLLA crystallinity noted above.

The isothermal crystallization data obtained by DSC
and WAXS was fitted to the Avrami equation!”

a.(t) =1 — exp(—Kt")

where o.(¢) is the relative crystalline volume fraction
of the polymer as a function of time. The parameters K
and n are dependent on the nucleation type and the
crystal growth geometry, K can be considered an overall
transformation rate constant, and n is the Avrami index.
Typical n values for polymer spherulitic crystallization
are 3 and 4. An n value of 3 indicates three-dimensional
spherulitic growth from instantaneous nuclei (so-called
athermal nucleation), and a value of 4 is interpreted as
3-D spherulites growing from sporadic nuclei (or ther-
mal nucleation). If the crystallization occurs in two-
dimensional aggregates (like axialites or 2-D lamellar
aggregates), then Avrami indexes of 2 and 3 are
expected depending on whether the nucleation is in-
stantaneous or sporadic.l?

Table 3 contains the results of the fit to the Avrami
equation and the experimentally determined half-
crystallization time (7504); this is the time needed for a
particular sample to achieve 50% of the total crystal-
linity the material is capable of developing during the
isothermal crystallization process. The results obtained
by DSC are considered first. In the case of the PLLA
block, the value of 7504 is slightly lower in the diblock
with 44% PLLA than in the diblock with 60%. This is
probably related to their differences in T;. The values
of n are close to 3, indicating instantaneous spherulitic
growth. The fact that spherulites can be form by the
PLLA block at 100 °C (within the diblock copolymers)
when the PCL block is molten was corroborated by POM
experiments; see below (Figure 16). The values reported
for homo-PLLA have been listed for comparison pur-
poses, but according to careful DSC measurements, the
material had crystallized (judging by the development
of the crystallization exotherm with time, the amount
it had crystallized was very small and less than 5%
conversion was achieved, a. < 0.05) during cooling at
50 °C/min before the isothermal measurements were
started; therefore, they have an implicit error which was
not quantitatively determined. Nevertheless, the fact
that homo-PLLA was able to crystallize during the
previous cooling from the melt (even if it was a very
small amount) is consistent with the cooling scans
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Table 3. Avrami Parameters Obtained by Fitting Isothermal Crystallization Data Obtained by DSC and WAXS

PCL(T.=30°C

PLLA (T. =100 °C) DSC

PLLA (T =100 °C) WAXS

sample n K (min™) 71509 (min) R2 n K (min™) 7509 (min) R2 n K (min™) 7509 (min) R?
PLLA24 2.27¢ 0.0972¢ 2.48¢ 0.9999¢
Lgo!2Cy®  2.39¢ 0.0035¢ 9.15¢ 0.9999¢ 3.01 0.0220 2.88 0.9961 2.77 0.0414 2.67 0.9966
LyCsel4  2.20 0.1598° 1.986 0.9997° 3.13 0.0554 2.13 0.9992 4.98 0.0080 2.42 0.9990
PCL% 2.95 7.7182 0.43 0.9971

@ The PCL block in this copolymer was crystallized until saturation for 30 min after the previous crystallization of the PLLA block (see
text). ® The PCL block in this copolymer was crystallized until saturation for 15 min after the previous crystallization of the PLLA block
(see text). ¢ In this sample a small amount of crystallization occurred during the quenching from the melt to 7. (see text).

shown in Figure 1 where homo-PLLA exhibited the
highest peak crystallization temperature.

In the case of the PCL block, it should be remembered
that the PLLA block was previously crystallized for 30
min at 100 °C, and then the sample was quenched to
30 °C and left to crystallize for 15 min. This previous
crystallization of PLLA causes a dramatic difference in
the crystallization kinetics of the PCL block, in view of
the topological restrictions encountered by chains co-
valently linked to a previously crystallized PLLA block
that has already arranged its crystalline lamellae into
three-dimensional superstructures, leaving only lamel-
lar slots available for PCL crystallization (i.e., the
interlamellar amorphous regions). The crystallization
time of 15 min was enough for homo-PCL to crystallize
until saturation (i.e., o, = 1). For the PCL block within
L4411Cx64, the crystallization was also completed in the
15 min interval, but the kinetics was substantially
slower, as can be seen from the 4-fold increase in 509
as compared with homo-PCL. When the PLLA content
increases in the copolymer, i.e., Lgy'2C4¢°, the PCL block
crystallization slows down so much that 15 min is not
enough for the crystallization process to be completed,
as indicated in Figure 12. Nevertheless, we repeated the
DSC experiment for a longer time to allow full conver-
sion, and the values are reported in Table 3 for Lgy2C4°.
In this way, we can compare 7504 thus obtained, and as
anticipated the value for Lgy'2C40° is the highest from
the three values reported in Table 3 for PCL or PCL
blocks; it amounts to 21 times higher than the value
corresponding to homo-PCL. When the PLLA content
increases, the topological restrictions must therefore
also increase. Apart from this, the T, value also goes
up as PLLA content increases.

Another interesting result is that the Avrami index
for the PCL block in the copolymers decreased to a value
closer to 2 as compared to homo-PCL, for which the
value was very close to 3 (see Table 3). This result is
fully consistent with POM observations presented be-
low, since for homo-PCL almost instantaneous spheru-
lites are formed during crystallization at 30 °C (results
not shown). However, for the PCL block within the
copolymers, PLLA spherulites were previously formed
(while the PCL was molten at 100 °C) and the PCL block
has to crystallize within the amorphous lamellar spaces
within the PLLA spherulites (see Figure 16); therefore,
the dimensionality of growth is decreased to two dimen-
sions, i.e., instantaneously nucleated lamellae.

The crystallization kinetics data obtained by WAXS
were only fitted to the Avrami equation for the PLLA
block of the two diblock copolymers. The PCL block
crystallization was faster, and fewer data points were
collected; therefore, the error in the fitting was too large
(as can be seen in Figure 9b), and it is not reported in
Table 3. In the case of the PLLA block the n and K
values obtained are not completely satisfactory since not

as many data points were collected as in the case of DSC
measurements (this is reflected in lower correlation
coefficients); nevertheless, they are roughly consistent
with the DSC data as anticipated from the comparison
presented in Figure 9a and in Figure 13.

Finally, POM results are presented in Figure 16.
Parts a and b of Figure 16 present the spherulitic
morphology of homo-PLLA isothermally crystallized at
100 and 120 °C, respectively. The spherulites are clearly
negative in view of the characteristic colors of the
Maltese cross when using a sensitive red tint plate (1
plate or first-order red gypsum plate). Quadrants 1 and
3 are close to yellow (falling colors) while 2 and 4 are
blue (rising colors), a characteristic of negative spheru-
lites.?® This means that the highest refractive index is
tangential and coincides with the chain direction. The
higher nucleation density at 100 °C as compared to 120
°C is evident, and it is the expected trend with crystal-
lization temperature.

In the case of Lgy!'Cs¢l4, the sample forms PLLA
spherulites at 100 °C, a temperature at which the PCL
is molten (Figure 16¢). This is a consistent with a mixed
melt since crystallization is clearly driving structure
formation when only 44% of the diblock copolymer is
composed of PLLA and spherulites that are very similar
to those of homo-PLLA are formed. When the sample
is quenched to 30 °C and left to isothermally crystallize
at that temperature, the PCL crystallization occurs
within the previously formed PLLA spherulites. Figure
16d shows a micrograph taken at 30 °C after the PCL
had finished crystallizing. The now mixed spherulites
of the diblock copolymer are still negative, and only the
magnitude of the birefringence has changed as indicated
by very subtle color changes (quadrants 1 and 3 are
more yellow and quadrants 3 and 4 lighter blue). Since
the changes experienced by the superstructure when the
PCL block crystallizes are difficult to appreciate in
Figure 16¢,d, the experiment was repeated at a higher
temperature where larger spherulites can be obtained.

Figure 16e shows the resulting superstructure of
isothermally crystallized Lg!'Cs¢l* at 120 °C, where
very clear large negative PLLA block spherulites are
observed (the PCL block is molten at this temperature).
Quadrants 1 and 3 are nearly red while quadrants 3
and 4 are deep blue. The spherulite is composed of PLLA
crystalline lamellae that have grown radially with the
chain axis located tangentially; the interlamellar regions
are composed of a mixture of PLLA and PCL chains in
the amorphous (liquid) state. Figure 16f—h is a sequence
of micrographs taken as the PCL is isothermally crys-
tallizing at 30 °C at increasing times. As the PCL
crystallizes within the interlamellar regions of the
previously formed PLLA spherulites, subtle changes in
appearance and color of the spherulites can be appreci-
ated; some yellow and blue radial lines that are par-
ticularly visible at the spherulite centers in Figure 16f
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Figure 16. Polarized optical micrographs during isothermal crystallization: (a) homo-PLLA, after 4 min at 100 °C; (b) homo-
PLLA, after 6 min at 120 °C; (c) L44''Cs6!* after 30 min at 100 °C; (d) same sample as (c), 6 min after the temperature was lowered
and equilibrated at 30 °C; (e) Ly Cs6'* after 30 min at 120 °C. The temperature was lowered to 30 °C after picture (e) was taken,
and then the following images were captured: (f) Ly1'Cs6!* after 20 s at 30 °C; (g) Lys!Cs6'* after 40 s at 30 °C; (h) Lyy'1Cs6'* after
5 min at 30 °C.

can be seen to spread through the spherulite in Figure PLLA spherulites. The resulting morphology is that of
16g to yield a final homogeneous spherulitic texture in mixed spherulites where crystalline PLLA and PCL
Figure 16h, where quadrants 1 and 3 have a color that lamellae are probably separated by mixed PLLA/PCL
is more yellow in tone and 3 and 4 are lighter blue. The amorphous interlamellar regions. The sherulitic mor-
diblock copolymer spherulites are very similar to homo- phology of Lgy'2C40° was also very similar to homo-PLLA
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(results not shown). It is worth noting that a morphology
of interdigitized lamellae has been obtained before for
weakly segregated and also double crystalline poly(p-
dioxanone)-b-poly(e-caprolactone) diblock copolymers.6~8

Conclusions

The PLLA-b-PCL diblock copolymers studied in this
work were miscible in the melt according to both SAXS
and DSC evidence. However, upon cooling from the melt
at 165 °C, the sample Lgg'2C4° transformed into a
transient microphase-separated lamellar structure in
the melt at 100 °C just before crystallization started, a
fact that needs further study.

When the diblock copolymers were crystallized iso-
thermally at 100 °C, only the PLLA block was able to
crystallize. Crystallization drove structure formation,
and PLLA spherulites were formed. The crystallization
kinetics of the PLLA block was determined by both DSC
and time-resolved WAXS. An Avrami analysis of the
data indicated that three-dimensional superstructures
were formed from instantaneous nuclei (n = 3). This
was confirmed by the observation of spherulites in POM.
The crystallization kinetics was not so different from
homo-PLLA and was weakly dependent on composition
in the narrow range examined here.

The PCL block behaved very differently when it was
subsequently crystallized by quenching the samples to
30 °C (after PLLA crystallization). It crystallized within
the PLLA previously formed spherulites as intraspheru-
litic lamellae; the resulting mixed spherulites were very
similar to homo-PLLA negative spherulites except for
subtle birefringence changes. An Avrami analysis of
DSC data yielded a result compatible with these POM
observations, i.e., two-dimensional structures formed by
instantaneous nucleation (n = 2). The PCL block
crystallization in Lyy'Cs!* was 4 times slower than
homo-PCL, and in the case of Lgg'2C4° the difference
was much bigger (21 times slower than homo-PCL).
Such a highly dependent value on composition is related
to topological restrictions caused by the previous crys-
tallization of the covalently linked PLLA block.
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