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ABSTRACT

Biomedical applications of polymers require precise control of the solid-state structure, which is
of particular interest for biodegradable copolymers. In this work, we evaluated the influence of
crystallization conditions on the comonomer exclusion/inclusion balance of biodegradable poly
(butylene succinate-ran-butylene adipate) (PBSA) isodimorphic random copolymers. Regardless
of the crystallization conditions, the copolymers retain their isodimorphic character displaying a
pseudo-eutectic behavior with crystallization in the entire composition range. This illustrates the
thermodynamic nature of the isodimorphic behavior for PBSA random copolymers. However,
depending on the composition, the crystallization conditions affect the exclusion/inclusion balance
of the comonomers. Fast cooling favors BA inclusion inside the PBS crystals, whereas isothermal
crystallization strongly limits it. PBA rich compositions behave differently. Both fast and slow
crystallization formed the f-phase, whereas BS unit inclusion is favored independently of the
cooling conditions. During Successive Self-nucleation and Annealing (SSA), the BA inclusion is
intermediate between non-isothermal and isothermal conditions, while the crystalline structure of
the PBA phase changes from [-phase to the more stable a-phase. We propose a simple

crystallographic model to explain the changes in the unit cell dimension of the copolymers.

Keywords: Isodimorphic biodegradable random copolyesters; Successive-Self-nucleation and
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1. INTRODUCTION

Random copolymerization is widely employed because it offers the possibility of tailoring the
final material properties in between those of the parent components. The advantages of the random
copolymerization have been adopted to improve the properties of the most promising bio-based
and biodegradable materials, such as poly (lactic acid) (PLA) and poly (butylene succinate) (PBS),
among others.1

PBS is one of the most promising biodegradable materials since its properties are comparable to
commodity non-biodegradable polymers, such as polyethylene (PE) and polypropylene (PP), and
its monomers (i.e., 1,4-butanediol and succinic acid) are available from biobased sources.2, 3
Indeed, it has a relatively high melting temperature (110 °C) that is crucial for applications and is
easier to process than other aliphatic polyesters.2 However, its high crystallinity implies a low
degradation rate and barrier properties.1 The reduction of PBS crystallinity can be achieved by
modifying its chain structure or by adding additives and second phases. These modifications
include the design of PBS-based chain branched analogs, block and random copolymers, blending
with other polymers,2 incorporating natural fibers,4 nanocomposites,s and others.i A recent
example of how these modifications affect the PBS properties is the improvement of its barrier
properties. The PBS-based copolymers show values comparable or even higher than other
materials like low-density polyethylene (LDPE) and poly (lactic acid) that are widely employed in
flexible food packaging applications.s, 7

The study of random copolymers, and specifically random copolyesters, has attracted the
attention of researchers not only for the developed final properties but also for the interesting
crystallization modalities, namely: comonomer exclusion, isomorphism, and isodimorphism.

Among the different crystallization behaviors, the comonomer exclusion is the most common



case,s, 9 and its opposite is isomorphism, where the copolymer chains can form a single crystalline
phase. So far, only a few cases of isomorphism in copolyesters have been reported.10-14

Isodimorphism represents an intermediate case. Let us consider a PA-ran-PB random
isodimorphic copolymer. It can crystallize in the entire composition range due to the possibility of
including comonomeric units of A within the crystal lattice of PB and vice-versa. The melting
point (7») and crystal structure are highly dependent on composition. When 7 is plotted as a
function of composition, a clear pseudo-eutectic point is observed. To the left of the pseudo-
eutectic point (where PA-rich compositions are located) the copolymer crystallizes with a unit cell
that resembles that of the PA homopolymer but with a partial inclusion of B comonomeric units.
To the right of the pseudo-eutectic point the converse situation occurs and the copolymer
crystallizes with a PB homopolymer type unit cell with a small inclusion of A comonomeric units.
At the pseudo-eutectic point, Miiller et al. have demonstrated that both PA-rich and PB-rich crystal
phases can be formed.s, 15-22

As both comonomers are partially included in the crystalline unit cell characteristic of the major
component, this is a challenging case study due to the difficulties in predicting the combination of
two comonomers that lead to this behavior. Even amongst the known isodimorphic systems, the
nature of the comonomer can have a significant influence in the isodimorphic behavior. For
instance, stereoregularity23 and even-odd effects23-26 are factors that can affect their behavior.
Besides the combination of comonomers, other parameters that can affect the exclusion/inclusion
balance, are thermal historyo9, 19 and polymorphism.27, 28

The complex behavior of isodimorphic random copolymers is still far from being completely
understoodo, 29 Hence, several types of research, in recent years, are devoted to this topic. Recent

works have establishedo, 29 that the isodimorphic character of random copolymers fits the following



criteria: (a) crystallization in all the compositions, despite their random distribution of counits; (b)
a pseudo-eutectic behavior of the thermal properties (e.g., melting temperature) as a function of
the comonomer content; and (c) change of the unit cell parameters with the composition.

These criteria were mainly established under non-isothermal crystallization conditions.
Isodimorphic copolymers have also been studied during isothermal crystallization. The isothermal
test not only allows determining the crystallization kinetics, but also some essential parameters,
such as the equilibrium melting temperatures, among others. Besides, the isothermal assay
provides the information to apply exclusion/inclusion models, such as those developed by Flory,30
Baur,31 Sanchez-Ebys2, and Wendling-Suter.33 In general, the crystallization kinetics of
isodimorphic random copolymers depends on the composition, and also on the crystallization
temperature (7¢). Consequently, the material crystallizes in the crystalline phase of one parent
homopolymer or the other, according to the composition and 7. Although under isothermal tests,
we introduce an additional variable, i.e., Tc, the obtained properties describe a pseudo-eutectic
behavior as in non-isothermal tests.s, 22

The crystallization kinetics of isodimorphic random copolymers is expected to be slower and
shifted to lower 7¢ in comparison with that of the parent components. The miscibility of the
amorphous phases provokes a single composition dependent glass transition temperature (7¢) and
a depression of the melting point of the crystallizable phase (as it will be surrounded by a molten
solvent-like material).s, 22 Even though several works have allowed obtaining general trends, the
studies of isodimorphic copolymers sometimes have several shortcomings that have left open
questions. Some of these shortcomings are: (a) The experimental limitations allow following the
crystallization kinetics of only one of the components (i.e., the one that crystallizes at higher

crystallization temperatures). In some cases it is not possible to isolate the crystallization behavior



of the second component; (b) the crystallization kinetics of different random copolyesters has been
reported without focusing in their isodimorphic response;34 and (c) the quantification of the degree
of comonomer inclusion is not precise, despite the used of different exclusion/inclusion models.

To study the above topics, we have selected poly (butylene succinate-ran-butylene adipate)
(PBSA) isodimorphic random copolymers. These materials have a crystallization behavior that
depends on the cooling rate employed. Additionally, their parent components have polymorphic
behavior, originated by stretching (i.e., PBS)3s, 36 or by temperature changes (i.e., PBA).19 Besides,
these materials are also interesting from the degradation rate point of view and for their gas barrier
properties. Both commercially available PBS homopolymer and PBSA copolymer have been used
to prepare stretched films with excellent gas barrier properties for food packaging applications.37
The biodegradation of these materials has been evaluated by their exposure to enzymes, compost,
and microorganisms.3s-43 In general, better biodegradability41 and gas barrier properties37 have
been found for the PBSA, evidencing the potential of the copolymerization as a strategy to tailor
the final material properties. Tserki et al.44 extent the degradation studies to different BS:BA
compositions, and found that crystallinity regulates polymer degradation; therefore, those
compositions with lower crystallinities showed faster degradation rates. On the other hand, the
PBA biodegradability is related to its crystal structure, i.e., polymorphism.4s-47 Despite the
thermodynamic stability of the a-PBA phase, it exhibits a faster degradation rate than the f-PBA
phase.47 Thus, different strategies, such as blending,4s, 48, 49 and copolymerization,2s, 50 among
others,4s, 47, 51, 52 have been used to control the polymorphic phase of the PBA and hence its
degradation rate.

The non-isothermal crystallization of PBSA copolymers has been previously studied.19 It shows

a pseudo-eutectic behavior when their thermal properties (i.e., crystallization and melting



temperatures, and their respective enthalpies) are plotted as a function of the composition. The
pseudo-eutectic region was located at the intermediate compositions, BS:BA 50:50 and 40:60
(Tserki et al.44 found that these compositions showed a higher degradation rate). These
compositions crystallize with a strong influence on the cooling rate (e.g., coincident crystallization
and sequential cold-crystallization of the two types of crystalline phases were found depending on
the cooling rate). Besides thermal analysis, in-situ WAXS/SAXS experiments revealed changes in
the unit cell parameters and a pseudo-eutectic behavior of the lamellar thickness as a function of
the composition.19

In this work, we study the influence of thermal history on crystallization by applying different
thermal protocols. Three different thermal protocols were selected: non-isothermal, isothermal,
and Successive Self-nucleation and Annealing (SSA) experiments. The isothermal crystallization
and SSA fractionation of these copolymers have never been reported in the literature, as far as the
authors are aware. The thermal and structural changes are studied by DSC and in-situ
WAXS/SAXS experiments. The results of this characterization provide new information on the
behavior of PBSA random copolymers under isothermal and SSA tests and on the influence of

crystallization conditions on the exclusion/inclusion balance and polymorphism.



2. EXPERIMENTAL PART

2.1.  Materials
The aliphatic random copolyesters of poly (butylene succinate-ran-butylene adipate) (PBSA)
employed in this study were synthesized by a two-step melt polycondensation method. The details

of the synthesis and chemical characterization can be found in our previous work.19

2.2. Differential Scanning Calorimetry
We employed a Perkin Elmer 8500 DSC equipped with an Intracooler III. The instrument
operated with ultrapure nitrogen flow (20 mL/min) and was calibrated with indium and tin
standards. Samples weighted circa 5 mg.
The following tests were performed, after erasing the thermal history by equilibrating the
material at a temperature that is 30 °C above its melting temperature (7m), to fully characterize the
thermal and structural properties of the samples:

Isothermal tests

The isothermal tests followed the protocol of Lorenzo et al.s3 As a first step, we determined the
minimum crystallization temperature, Tecmin. This crystallization temperature (7¢) is the minimum
temperature that allows cooling the material (at 60 °C/min) without causing any crystallization.
Therefore, no melting endotherms should be found in the subsequent heating. The samples were
cooled from the melt state until a selected 7¢ (i.e., higher than the 7¢, onser determined by the non-
isothermal test) at 60 °C/min. Then, they were immediately heated at 20 °C/min, recording their
subsequent heating curve. If the recorded heating curve shows a finite melting endotherm (i.e., this
reflects that crystallization occurs during the previous cooling), then it is necessary to employ a

higher 7 and repeat the process described above. But, if no endothermic peak (after the selected



T¢) is detected, the employed 7c would be the T¢, min. The Temin, is employed as the starting 7c in
the isothermal test. We applied this method to all the samples.

The isothermal crystallization experiments were then performed. The samples were cooled from
the melt to a set 7c (>T¢ min), and held for a crystallization time (z) until completion of
crystallization (a typical crystallization time of three times the peak value was employed to
guarantee that the crystallization process at the selected 7. value was completed). After the
crystallization has finished, the sample is heated from 7c at 20 °C/min to determine the study the

melting process after isothermal crystallization.

Self-nucleation (SN) and Successive Self-nucleation and Annealing (SSA)

SN experiments were performed before the SSA test. Keller et al.s4 developed self-nucleation
procedures to study the formation of single crystals from solution, and Fillon et al. 55 adapted it to
conventional DSC experiments in melt-crystallized samples. A recent work reviewed the SN
procedure and its basics.s6

By applying the SN test, we found the T5, ideal (i.e., the temperature that causes the maximum SN
without annealing) for all the samples. This temperature corresponds to the minimum 75 within
Domain II of each material and is the starting point for SSA experiments. See the detailed
procedure employed for SN in Section S1 and Scheme S1 of the Supporting Information.

Miiller et al.s7-61 developed and recently reviewed the SSA technique. The technique was
originally designed to study short chain branching distribution in ethylene/a-olefin copolymers but
was subsequently extended to perform thermal fractionation to any material that contains defects
that interrupt crystallizable sequence. The technique produces a distribution of lamellar thickness

in the sample according to different crystallizable sequence lengths, which results in a distribution



of thermal fractions during the final DSC heating scan. The application of the SSA thermal
program (i.e., a careful combination of thermal ramps and holding steps) to a crystallizable
polymer, promotes the formation of a distribution of crystal fractions characterized by different
melting temperatures. The molecular fractionation that occurs during crystallization causes the
above-mentioned thermal fractions. This experiment is performed in a conventional DSC, although
its application on fast scanning calorimeters has also been reported .57, 62

Different works,ss-60 in the literature, report the detailed procedure to perform SSA, and its most
critical parameters: the first self-nucleation temperature, the time spent at each 7s (i.e., self-
nucleation temperature), and the fractionation windows. The detailed procedure employed to
perform the SSA tests can be found in Section S2: Table S1 and Scheme S2 of the Supporting
Information.

In this work, we have used as a first 75, the ideal self-nucleation temperature, Ts,ideal for neat PBS
(which is the component with the highest melting temperature of all the materials employed in this
work), which corresponds to 114 °C, the time spent at 7s was 5 minutes and the fractionation
windows 5 °C. We employ the same starting 75 for all the materials to apply the same thermal

history and gain information on the relative differences in crystallizability.

2.3.  Wide and Small-angle X-ray Scattering (WAXS and SAXS)

In-situ X-ray experiments were performed simultaneously to the application of a thermal
protocol, either in isothermal conditions or according to the SSA test. Also, we performed the X-
ray experiments on already prepared samples (e.g., samples that underwent a previous thermal
history). We performed these experiments in the European Synchrotron Radiation Facility (ESRF)

and the ALBA synchrotron facilities, respectively.
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WAXS/SAXS during the isothermal test

In-situ SAXS, and WAXS experiments were conducted at the beamline BM26-B at ESRF in
Grenoble, France. We have placed each sample in a DSC pan and used a Linkam DSC600 hot-
stage coupled to a liquid nitrogen cooling system. We programmed the hot-stage to perform
cooling, holding, and heating steps (i.e., isothermal test). At the same time, we took measurements
of SAXS/WAXS patterns. For each sample, we selected at least three isothermal crystallization
temperatures. SAXS/WAXS patterns were acquired in both isothermal and in the subsequent
heating step. Pilatus detectors, 300k and 1M, were used to record the scattering pattern at wide and

small angles. Table 1 shows the related technical information.

WAXS/SAXS during SSA test

WAXS and SAXS patterns were acquired simultaneously, during the heating scans applied to
previously fractionated samples (inside DSC pans) placed in a Linkam THMS600 hot-stage
coupled to a liquid nitrogen system. In the case of the intermediate compositions, we performed
in-situ experiments by programming the whole SSA protocol in the hot-stage (i.e., by reproducing
the conditions used in the DSC experiments) and measuring the WAXS/SAXS patterns during the
cooling, heatings and holding steps. We used ADSC Q315r and LX255-HS (Rayonix) detectors
for the SAXS and WAXS measurements, respectively. Table 1 shows the related technical

information.
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Table 1. Main technical characteristic of the employed setups at the ESRF and ALBA synchrotron

facilities.
Synchrotron  X-ray Sample-to- Pixel size Calibrant Performed
source detector (um2) test
(keV) distance
(mm)
ESRFsaxs 2946 172 Silver Non-
12 behenate isothermal
ESRFwaxs  (=1.03A) 274 Alumina ~ nd
poder isothermal
ALBAsaxs 6495 102 Silver
behenate
12.4 (2=1.0 SSA
ALBAwaxs A) 132.6 (tilt 44 chromium
angle of (II) oxide
21.20)

The intensity profile analyzed as scattering intensity (/) vs. scattering vector, g=4rsindA-1, where
A 1s the X-ray wavelength, and 26 is the scattering angle. Table 1 shows the calibrants used to
calibrate the scattering vector. The intensity has been corrected for background and sample

absorption.

3. RESULTS AND DISCUSSIONS

We evaluated the influence of three different crystallization conditions in the exclusion/inclusion
balance and polymorphism of PBSA random copolymers. Information was obtained by performing
non-isothermal, isothermal, and Successive Self-nucleation and Annealing (SSA) experiments.

Below, we discuss the influence of each test.

12



3.1. Non-isothermal experiments

In our previous work,19 we evaluated PBSA random copolymers under non-isothermal
conditions with DSC and X-ray experiments. We have identified the isodimorphism of the PBSA
copolymers, following the established criteria, which have been applied to other random
copolymers.2, 3, 13,21, 33-38

Besides the isodimorphism of PBSA copolymers, we also found a strong influence of the thermal
history on the behavior of intermediate compositions, i.e., those within the pseudo-eutectic region.
Figure S1 (see Supporting Information, SI) shows the cooling and subsequent heating DSC scans
for all the samples. Below, we summarize the most relevant results. For further details, see
reference. 19

The non-isothermal experiments revealed that the copolymer samples can crystallize in their
entire composition range, and their behavior can be divided into three regions, depending on the
composition: PBS-rich (PBS, 80:20, and 60:40 PBSA), PBA-rich (PBA, 20:80 PBSA), and the
pseudo-eutectic region (50:50 and 40:60 PBSA).

The crystallization and melting temperature (as well as the crystallinity degree) decrease as the
comonomer content (BA or BS, respectively) increases in the comonomer-rich regions (PBS-rich
and PBA-rich). Such decreases reach its minimum in the transition or pseudo-eutectic region, in
this case, at intermediate compositions. The described regions are characterized by changes in the
d-spacing, calculated from the WAXS patterns, as the comonomer content increases. The largest
d-spacing changes were found in the pseudo-eutectic region. This region is characterized by the
possible crystallization of both PBA-rich and PBS-rich phases, but they show a crystallization

behavior highly dependent on the cooling rates applied. For more details, see reference.19
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The strong dependence of the crystallization in the pseudo-eutectic region on the cooling
rates, opens the following question: How do the crystallization conditions affect the comonomer
excluded/included fraction in PBSA isodimorphic copolymers? To answer this question, we have
performed isothermal crystallization and SSA fractionation experiments by DSC and in-situ X-ray

diffraction.

3.2. Isothermal experiments

Isothermal crystallization experiments are in principle closer to thermodynamic equilibrium, as
compared with the non-isothermal tests. However, kinetic factors also play a crucial role in the
isothermal crystallization of polymeric materials. As a consequence, the resulting isothermally
crystallized copolymers could have a different balance of exclusion/inclusion of comonomeric
units in comparison to non-isothermally crystallized samples.

During the isothermal crystallization test, the crystallization kinetics is dominated either by the
PBS-rich or the PBA-rich phase. Also, the crystallization temperature (7¢) strongly affects the
crystallization kinetics. For instance, in the pseudo-eutectic composition of 40:60 PBSA, when a
low Tc is employed, the crystallization is dominated by the PBA-rich phase, but with a small
influence of the PBS-rich phase. In contrast, at high 7¢, the crystallization is driven by the PBS-
rich phase. For this 40:60 PBSA composition, the particular crystallization and melting behaviors
evidence the dominant phase (i.e., PBS-rich vs. PBA-rich) (see Figures S2 to S4). For all the other
compositions, only one of the two phases present dominates the crystallization behavior at all 7c

values. This behavior is explained in detail below.
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3.2.1. Experimental overall half-crystallization rates and melting behavior

Figure 1a shows the inverse of the overall half-crystallization times (//750%) as a function of 7
for the random copolymers. The values of //r50% are an experimental measure of the overall
crystallization rate (a quantity that includes both primary nucleation and growth). The isothermal
DSC curves for all materials can be found in Figure S2 of the SI. The experimental //z50% values
have been fitted to the Lauritzen and Hoffman theoryes3, 64 applied to DSC experimentses-69 (see

Section S5 and Figure S5 of the SI).
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Figure 1. (a) Overall crystallization rate (expressed as the inverse of the half-crystallization time)
as a function of 7. for the indicated systems and (b) 7¢ values as a function of BA content at a

constant value of 1/750%=0.05 min-1.

In Figure la, we observe that PBS-rich compositions (i.e., PBS, 80:20, and 60:40 PBSA)
crystallize at higher 7¢ (right-hand side of the plot). However, the available 7c range, as well as the
1/t50% values, show a decrease as BA content increases. This implies a relative reduction in the
PBS-rich phase crystallization kinetics which is probably caused by the partial BA counit
exclusion from the PBS-like crystals, together with a plasticization or “solvent-effect” caused by
the molten BA-rich segments. These molten segments increase the chain mobility of the PBS and
reduce its crystallization temperature. A similar trend is observed at intermediate 7c range, where
the PBA-rich compositions (i.e., PBA and 20:80 PBSA) crystallize. In this case, the achievable T,

as well as 1/t50% values, decrease with the increase in BS content. In an analogous way, this could
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be attributed to the BS counit exclusion from the PBA-like crystals and a “solvent-effect” of the
molten BS-rich sequences.

At the pseudo-eutectic region (i.e., 50:50 and 40:60 PBSA), the PBSA copolymers crystallize at
the lowest 7¢ values (maximum supercooling), see Figure 1a. Also, the slope of the curves changes
in comparison with that of the neat components. These changes indicate a different balance of
factors (i.e., exclusion/inclusion balance vs. “solvent effect”) at the intermediate or pseudo-eutectic
compositions, in comparison with the PBS-rich and PBA-rich regions. Such behavior is in line
with the larger changes observed in d-spacings to be discussed below in Section 3.4.2.

The isothermal crystallization kinetics of the 50:50 PBSA sample in Figure 1a is dominated by
the generation of exclusive PBS-rich phase crystals in all the 7 range used. We previously foundi9
that when this sample is crystallized by slow cooling from the melt (5 °C/min), both PBS-rich and
PBA-rich phases could crystallize. Such coincident crystallization occurs only partially at a
cooling rate of 20 °C/min, since the subsequent heating shows a cold-crystallization related to the
PBA component (see Figure S1 and reference 19 for more details). In the present case, when the
sample is crystallized isothermally, PBS-rich phase spherulites are formed and crystallize to
saturation. They prevent any PBA-rich phase crystallization, most probably by a confinement
effect (as the PBA-rich phase would have to crystallize within the interlamellar spaces of the PBS-
rich spherulites).19

In the special case of the 40:60 PBSA sample, both PBS-rich and PBA-rich phases can
crystallize depending on the 7¢ value. At 7c<19 oC, the PBA-rich crystal phase is formed together
with the PBS-rich crystal phase (as demonstrated by WAXS below, see Figure 3). On the other

hand, at 7c>19 oC, only PBS-rich crystals are formed.
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Figure la, shows that the overall crystallization rate at 7c>19 oC, corresponding to the PBS-rich
phase of the 40:60 PBSA copolymer, is much lower than that at 7.<19 oC. At these low
crystallization temperatures, both crystalline phases are formed. It is expected that the PBS-rich
phase crystals form first, at shorter times, and could nucleate the PBA-rich phase crystals. This
nucleation effect together with the lower crystallization temperatures possibly promote a combined
faster crystallization kinetics of both phases. The isothermal DSC curves corresponding to this
40:60 PBSA sample are shown in Figure S2 of the SI. The DSC isotherm always shows a unimodal
character regardless of whether one or both phases can crystallize, but the sudden change in
crystallization rate at 19 °C is easily seen. In the case of high 7¢, the PBS-rich phase hinders any
crystallization of the PBA-rich phase in the 40:60 PBSA sample (also demonstrated by WAXS in
Figure 3). As a result, the high amount of molten PBA-rich chains, together with counit exclusion,
causes a decrease in overall crystallization rate (Figure 1a).

Figure 1b shows a plot of the 7¢ values required to obtain a constant overall crystallization rate
in all the materials, given by //750%= 0.05 min-1. The plot shows a pseudo-eutectic trend similar to
that observed when several calorimetric quantities are plotted as a function of composition. 8,22

Due to the different exclusion/inclusion balance related to the crystallization conditions, the
limits of the pseudo-eutectic region change. In our previous study of the non-isothermal
crystallization of these samples,19 we showed that both phases could crystallize for both 50:50 and
40:60 PBSA compositions when the samples were cooled at 5 °C/min. In contrast, the isothermal
experiments show single-phase crystallization for the 50:50 composition and the crystallization of
the two PBS-rich and PBA-rich phases only at low 7c in the 40:60 PBSA sample.

As explained in the experimental part, DSC heating scans after isothermal crystallizations

were performed to determine the melting points of the generated crystals. Then, using the
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Hoffman-Weeks7o approach, the equilibrium melting points of all samples were calculated. Details

and corresponding data can be found in Section S6 of the SI.

The obtained equilibrium melting point values (70) are plotted as a function of composition in

Figure 2a. The Tmo values for the parent components are in line with the range reported in the

literature for PBS,71-73 i.e., 127.5 to 146.5 °C, and PBA,74 i.e., 58 to 73 °C. The presence of a

eutectic point located at a composition of 60% BA content (40:60 PBSA sample) is evident. The

two data points at the eutectic composition correspond to the PBS-rich and PBA-rich phase

crystals. In this case we use the term eutectic (instead of pseudo-eutectic, normally employed to

indicate that the measurements were not performed at equilibrium), as Figure 2a represents

equilibrium conditions (obtained by the Hoffman-Weeks extrapolation).
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Figure 2. T values versus BA content for (a) 7mo (equilibrium melting temperature) values
obtained by Hoffman-Weeks extrapolation after isothermal crystallization; (b) Experimentally
determined peak melting temperatures after non-isothermal crystallization at 5 °C/min, data taken
from our previous worki9o; (c) Experimentally determined peak melting temperatures after
isothermal crystallization (several data points are plotted at each composition and they correspond
to different isothermal crystallization temperatures) and (d) Experimentally determined peak
melting temperatures obtained during the final DSC heating scan after SSA tests (several data
points are plotted at each composition and they correspond to the melting points of the different
thermal fractions obtained). The dotted lines in (a) represent the total comonomer exclusion case
given by the Baur model. Note that in all the figures the total comonomer inclusion case is
represented with a solid line. The dashed lines in (b) are arbitrary fits to the experimental data,
which were also drawn in (c) and (d) for comparison purposes. The vertical dashed lines in (a), (¢)
and (d) represent the position of the pseudo-eutectic point, and the shadowed region in (b) represent

the pseudo-eutectic region.

Regarding the balance between comonomer inclusion/exclusion, we show in Figure 2a the two
extreme theoretical cases. Total inclusion is represented by a simple mixing law, which has been
observed for isomorphic random copolymers, 14 where both comonomers can crystallize in a single
unit cell type in the entire composition range. On the other extreme, total comonomer exclusion
has been represented in Figure 2a by applying the Baur model (see Section S7 of the SI) for a full
description of the model and how the calculation was performed). The predictions of the Baur
model are represented in Figure 2a with dotted lines. The data points for the PBSA copolymers

lay in between the two extreme cases. Nevertheless, it can be seen that the data points are closer
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to the exclusion model than to total inclusion. Therefore, at least under thermodynamic conditions,
it is predicted that these copolymers have more comonomer exclusion and that comonomer
inclusion is limited and composition dependent.

Figure 2b shows the experimental trends observed by melting the samples after non-
isothermal crystallization (i.e., cooling at 5 °C/min), while Figure 2¢ shows a similar type of plot
for isothermally crystallized samples. The trends are very similar and they also display a clear
pseudo-eutectic behavior. The dashed lines in Figure 2b represent an arbitrary fit to the data. The
same dashed lines were drawn in Figure 2c (somewhat shortened to fit the data points) for
comparison purposes and the fit of the data is very good. From the trends in melting point values,
no large qualitative differences are observed between isothermally and non-isothermally
crystallized samples, except for the fact that in the non-isothermal case, two crystalline phases are
produced both in the 50:50 and 40:60 sample, but in the isothermal case, only the 40:60 sample
was able to develop double-crystallinity at low 7c values (see vertical dashed lines and shadowed
region in Figure 2).

The trends in melting points (i.e., pseudo-eutectic behavior) were also found in lamellar
thickness (Figure S8), and percentage of crystallinity (X¢) (Figure S9 and S10) (see Section S8 of
the SI for more details). The Xc should be the highest in the case of total inclusion and the lowest
for total exclusion. In the latter, we expect that the X values drop to zero at a specific composition.
In contrast, in the total inclusion (e.g., isomorphic caseio-14), the Xc values keep a high level,13, 75
or increases (“uniform inclusion”),27 as a function of the composition. We found a decrease of the
Xe values for both PBS and PBA-rich composition. Such a decrease describes a pseudo-eutectic

behavior independently of the crystallization condition. But, the most significant changes are
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related to the SSA test, suggesting a different counit inclusion behavior, caused by the change in

PBA crystal polymorphism (i.e., a vs. f-PBA phases).

To get more insights on the possible comonomer inclusion/exclusion balance differences

between the samples, WAXS experiments were performed to probe crystal dimensions.

3.2.2.

Isothermal WAXS/SAXS experiments

In-situ WAXS/SAXS experiments were conducted at identical conditions to those performed by

isothermal DSC tests. Figure 3 shows the WAXS patterns for all the materials at selected low

(Figure 3a) and high (Figure 3b) 7 values (i.e., each sample at its own 7c indicated in the plot).

Table S4 (SI) shows the long periods and lamellar thickness calculated from the SAXS patterns.
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Figure 3. WAXS patterns for all the investigated materials at the indicated (a) low and (b) high 7¢
values. Note that the WAXS pattern of the 40:60 PBSA sample strongly depends on the 7 used.

Dotted lines are used to indicate the main reflections of the homopolymers.

PBS crystallization

Figure 3a shows that the PBS-rich samples (including the 50:50 PBSA) have WAXS patterns
that resemble that of neat PBS. Therefore, the main reflections appear at d-spacings (calculated
from the main ¢ values with Bragg’s Law) of 0.452 (13.9 nm-1) and 0.395 nm (15.9 nm-1),
corresponding to the (020) and (110) PBS planes, respectively. Additionally, medium-intense
reflections are found at d-spacings of 0.403 (15.6 nm-1) and 0.310 nm (20.3 nm-1) and correspond
to the (021) and (111) planes.34,38, 44,76, 77 We assign these different planes to the monoclinic unit
cell of a-PBS,34, 36, 38, 77 with unit cell parameters of a=0.532, 5=0.9057, ¢=1.090 nm, and
[=123.870.36 The PBS also shows a f-form (not observed in this work) that can be obtained by
stretching7s. The S-PBS also belongs to the monoclinic system, with ¢=0.584 nm, »=0.832 nm,
¢c=1.186 nm, and f=131.60.36 In the a-PBS (obtained under normal conditions7s) the molecular
conformation is TGTGT (i.e., T=trans, G=gauche, and G=minus gauche). In contrast, the f-PBS is
a planar zigzag (all-trans or TTTTT).35,36 The a-f transition occurred reversibly upon loading and
unloading.7s In this work, we always obtained the a-PBS crystal form.

The same reflections are observed for PBS and PBS-rich samples as 7c increases (see Figure
3b), but they shift to lower g values (therefore higher d-spacings (see Figures 7a and b and their

discussion below)) with the increase of BA content.
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PBA crystallization: From a to f-PBA crystal phase

The PBA-rich WAXS diffractograms resemble that of neat PBA. PBA is a polymorphic material
that shows a temperature-dependent crystallization behavior.2s It can crystallize in the a or f-
phase, depending on the 7 value employed. Figure 3 shows that all the PBA-rich copolymers
crystallize in the f-PBA phase. For comparison purposes, in Figure 3a, we show the f-PBA phase,
in the parent PBA homopolymer, induced by its crystallization at 25 °C. We found the f-PBA
main reflections at d-spacings of 0.414 (15.2 nm-1) and 0.363 nm (17.3 nm-1) corresponding to the
(110) and (020) planes, respectively. This polymorphic phase of PBA crystallizes in an
orthorhombic unit cell with unit cell parameters of a=0.506 nm, 5#=0.735 nm, and ¢=1.467 nm.7o-
83 By testing the temperature-dependent PBA crystallization, we found that it forms only f-phase
at 25 °C; a+f-phase at 30 °C, and only a-phase at 35, 38 and 45 °C (see Figure S11), corroborating
previously reported results in the literature.74, 84

The PBA-rich copolymers crystallize in the f-PBA crystal form, and their d-spacings increase
as the BS content increases (see Figure 7a, to be discussed in detail below). However, the d-
spacings remain almost unchanged as 7¢ increases. The presence of the f-PBA crystal phase in the
copolymers is possibly related to the BS comonomer unit inclusion in the PBA crystalline unit
cells. Liang et al. found in PBA-ran-PHA copolymers that the HA inclusion stabilizes the f-PBA
form, even at 7¢ as high as 35 °C.28 They concluded that, due to the lattice matching, the HA units
are better tolerated in the f-PBA crystalline unit cells than in the a-PBA phase.2s On the other
hand, it is worth noting that in PBS/PBA blends, the presence of PBS chains favors the
crystallization of the PBA in its a-phase.76

As expected, at high T¢, i.e., 45 °C, neat PBA crystallizes in its a-phase (see Figure 3b). We

found the main characteristics reflection of the a-PBA at d-spacing of 0.411 (15.3 nm-1) and 0.398
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(15.8 nm-1), and a medium intense reflection at 0.370 nm (17.0 nm-1), corresponding to the planes
(110), (020) and (021), respectively.34, 38, 44,74, 76, 85 The a-PBA crystalline phase is characterized
by a monoclinic unit cell with unit cell parameters of a=0.670 nm, 5=0.800 nm, c=1.420 nm, and

y=45.50.38 Interestingly, the BA-rich copolymers crystallize in the f-PBA phase even at high 7.

Crystallization of the 40:60 PBSA: Pseudo-eutectic composition

The WAXS patterns of the 40:60 PBSA reflect that its crystalline structure depends on T¢, as
deduced from the isothermal DSC results. At low 7c values (i.e., Te=15 °C), the WAXS patterns
of the 40:60 PBSA copolymer show the main crystalline reflections of both homopolymers (PBS
and f-PBA), see Figure 3a. In contrast, at high 7¢ (i.e., Tc>15 °C), the WAXS patterns of the 40:60
PBSA show crystalline reflections that only correspond to the PBS-rich crystal phase (see Figure
3b, with 7.=22 °C). The PBS-rich phase crystallization dominates the kinetics (i.e., at high 7¢) due
to their faster crystallization at higher temperatures, as compared to the PBA-rich phase. In this
particular case (at 7>15 °C), the crystallization of the PBS-rich phase hinders the crystallization

of the PBA-rich chain segments.

3.3. Successive Self-nucleation and Annealing (SSA)

SSA is a thermal fractionation technique that can be performed in a conventional DSC, or in a
chip calorimeter (i.e., like the Flash-DSC). Its design produces a distribution of lamellar crystals
or thermal fractions. The SSA technique is very sensitive to the presence of defects that interrupt
the crystallizable chain sequence length.ss Therefore, we used it to detect differences among the

random copolymers.
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3.3.1. DSC Analysis of the SSA experiments

The comonomer exclusion from the crystalline lattice, in random copolymers, leads to an
interruption of the crystallizable segments. As a result, we obtain an SSA profile of all the samples,
which allows gaining further information on the thermal behavior of isodimorphic copolymers.

As neat PBS is the material with the highest melting point amongst all samples employed in this
work, it was chosen to perform self-nucleation (SN) experiments. From the SN results (see Section
S10 in the SI), we were able to calculate the ideal self-nucleation temperature (7.idear), which is
the temperature needed to start the SSA protocol. This Ts,ideat 1s the self-nucleation temperature that
produces the maximum number of self-nuclei without causing any annealing, or the minimum
temperature within Domain II or self-nucleation Domain.ss, 60 The ideal SN temperature for PBS
is 114 °C (see Figure S12 and Table S5). This Tsideat was employed as the first 7s value for the
SSA fractionation of PBS. In order to compare the thermal fractionation results, we applied the
same SSA protocol to all the samples with identical conditions: Tsideat =114 °C, fractionation
window of 5 °C and holding time at each 7T of 5 min (see details in Section S10 of the SI).

Figure 4 shows the final DSC heating scan after the SSA protocol for all the samples. Each
sample displays a series of melting peaks or thermal fractions generated by the SSA protocol. As
Ts.ideal does not cause any annealing (i.e., it only produces self-nucleation, see ref.60), in the case
of the neat PBS sample, fraction 1 (highest temperature melting peak, labeled 1 in Figure 4) is
produced by the annealing caused during the 5 minutes at 7s: (dotted vertical lines in Figure 4
indicate the 75 values). Fraction 2 by the annealing caused at 752 and so on. PBS displays 5 thermal
fractions or distinct melting peaks. The final DSC scans in Figure 4 represent a deconvolution of

the standard DSC scan into elemental thermal fractions, hence the distribution of melting points is
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clearly appreciated. At the same time, remembering that each 7 value has associated a lamellar
thickness, the final DSC scan after SSA also represents a distribution of lamellar thickness in the
sample.60

In the case of neat homopolymer samples like PBS and PBA, the fractionation is produced by
molecular segregation during crystallization driven by differences in the molecular weights of the
chains that are present, as the polymers are polydisperse. However, in the copolymers, the
exclusion of comonomeric units is also present and it significantly improves the quality of the
fractionation and also changes the distribution of the fractions, as judged by the areas under each

fraction.
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Figure 4. Final DSC heating scans for SSA fractionated samples. The solid vertical line represents
the T, ideal, and the dotted vertical lines represent the different 7s values employed. In the top part,
the 75 are numbered as a guide. Each melting peak corresponds to a thermal fraction that are

numbered starting from the highest temperature peak for each material.

To analyze the PBS-rich compositions (80:20, 60:40, and 50:50), we can compare the highest
temperature melting peaks (fractions labeled 1 in Figure 4) and observe that they decrease as the
BA content increases (see Figure 2d). A broad but unimodal (i.e., produced by only one crystalline
phase) distribution of melting fractions is observed in these compositions, indicating the absence
of PBA crystals. Changes in the neat PBA and PBA-rich compositions (20:80) also indicate a
decrease, as expected of the melting point of the fractions upon BS incorporation (see Figure 2d).

The trends shown in Figure 4 (i.e., decreasing of the highest melting peak with comonomer
content) describe a pseudo-eutectic behavior, as represented in Figure 2d above. Although the SSA
is a different crystallization condition, it also gives rise to a pseudo-eutectic behavior. In this case,
the pseudo-eutectic region corresponds only to the 40:60 composition (as in isothermal
experiments at low 7¢), instead of including the 50:50 and 40:60 compositions, as in the non-
isothermal test (see Figure 2).

In the 40:60 composition, we found a bimodal distribution of melting points by SSA, indicating
the presence of both PBA-rich and PBS-rich phase crystals. The fractions with lower 7 values
(i.e., fractions labeled 4-8 for the 40:60 PBSA curve in Figure 4) correspond to the PBA-rich
crystals, and the ones with the highest 7n (i.e., fractions labeled 1-3 for the 40:60 PBSA curve in
Figure 4) correspond to the PBS-rich crystals. This result corroborates the concomitant

crystallization of the two types of crystals found for this 40:60 composition in non-isothermal and
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isothermal conditions (at low 7¢ values). On the other hand, for the composition 50:50, all melting
peaks corresponding to 9 thermal fractions in Figure 4 are due to the melting of PBS-rich phase
crystals (as proven by WAXS experiments in Figure 5).

To further understand the response of the materials under SSA experiments, we analyzed the

structural behavior with X-ray experiments.

3.3.2. X-ray analysis of the SSA fractionated samples
We applied the SSA protocol, without the final heating, to all the samples. Then, at room
temperature, we acquired WAXS/SAXS patterns. Figures 5 and S13 show the WAXS and SAXS
patterns, respectively. Additionally, we performed the final heating in-situ at the synchrotron (see

Figure S14).
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Figure 5. WAXS patterns for all the SSA fractionated samples before the final heating scan
measured at room temperature, except for the 50:50 and 40:60 PBSA (i.e., the WAXS pattern for
these samples were taken at -40 °C in view of their lower melting point onset, see Figure 4). The

dotted lines indicates the position of the main crystalline planes of the homopolymers.

Figure 5 shows presence of two crystalline phases, corresponding to PBS and PBA-like
crystals, depending on the composition. At the top of Figure 5, we observed the WAXS patterns

for PBS or PBS-rich crystals (i.e., PBS, 80:20, 60:40, and 50:50 compositions), and at the bottom,
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the ones for PBA and PBA-rich crystals (i.e., PBA and 20:80 composition). The 40:60 PBSA
sample contains both crystal types, as already anticipated in Figure 4.

The SSA protocol generates a significant change, in the PBA-rich compositions, since both neat
PBA and the PBA-rich copolymers now crystallize in the a-PBA phase instead of the f-PBA phase
(see Figure 3). We recall that the f-PBA form instead dominates the crystallization for non-
isothermal and isothermal experiments.

As in the non-isothermal and isothermal tests, the 40:60 composition shows a WAXS
pattern, after the applied thermal protocol, with both PBS-rich crystals and, in this case, a-PBA-
rich crystals. Section S11 shows the melting behavior analysis of the 40:60 PBSA. The change
from a to the f-PBA phase opens the question of why the SSA protocol promotes the formation
of the a-PBA phase? Below we analyze the WAXS experiments in detail to try to understand the

generation of the crystalline phases during SSA.

Understanding the successive self-nucleation and annealing process in the BA-rich

compositions: the 40:60 PBSA composition as a case study

Figure 6 shows the evolution of the crystalline polymorphic structures (i.e., a- and p-PBA
phases) during the SSA protocol.

Figure 6b shows WAXS patterns of the 40:60 sample taken during the holding step at the
indicated 75 values (i.e., during the 5 minutes at 7s) (see the indicated 7s in Figure 6a). Figure 6¢
shows the WAXS patterns taken during the holding steps at -40 °C (i.e., 1 minute at -40 °C, after
cooling from 75 at 20 °C/min). We indicate the number of SSA steps at the bottom of Figure 6a

and in brackets in Figure 6¢c. We use them in the plot shown in Figure 6d.
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Figure 6d shows the evolution of the WAXS peak intensity and d-spacing of the f-(110)pB4 or

a-(110)pa4 plane (see Figure 6¢) during the SSA process (i.e., number of steps). We have selected

this plane for clarity; for details of the other planes see Figure S15¢ in the SI.
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Figure 6. Influence of the number of SSA steps performed to the 40:60 PBSA sample: (a) Applied
thermal protocol. We indicate the 7s value following the same notation as Figure 4 (see Ts indicated
at the top), and SSA step number (inside the figure at the bottom). WAXS patterns taken at (b) the
indicated 75 values (top) and (c) -40 °C, after cooling the sample from the indicated 7s values
(bottom). The numbers at the bottom of Figure 6a and in brackets in Figure 6¢ represent the SSA
step number. (d) Evolution of the intensities of WAXS reflections corresponding to (110) PBA
plane. Note that this plane can belong to the B or a-PBA phase depending on the Step. Figure 6d
is divided into three regions, depending on the observed changes in the different phases in Figures

6b and c.

Based on Figure 6, the evolution of the crystalline structure during the SSA fractionation
protocol can be explained in three regions, as follows:

Region a: Standard State

According to the SSA protocol (see Figure 6a and Scheme S2 in the SI) the sample is first melted
to erase all its thermal history. Then it is cooled from the melt at 20 °C/min down to -40 °C. During
this cooling, the sample achieves a standard thermal history (that given by the controlled cooling
in the DSC at 20 °C/min). In this initial state, before applying the SSA protocol, the PBA-rich
phase crystals in the 40:60 PBSA are in their f-PBA phase (see Step 1 in Figure 6¢ and the
indicated domain in Figure 6d). The sample at this stage (before the SSA protocol is applied) has

the same degree of comonomer inclusion/exclusion balance as in non-isothermal experiments.
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Region b: Self-nucleation and annealing of the PBS-rich phase: Coexistence of PBS-rich

and PBA-rich phase crystals

The highest 75 applied to the sample (i.e., 49 °C) melts the f-PBA crystals (see the WAXS curve
in Figure 6b) and self-nucleates the PBS phase within the copolymer (40:60 PBSA) before the
sample is cooled to -40 °C. The self-nucleation of the PBS-rich phase favors its crystallization
during cooling (i.e., from 7 to -40 °C). Even though the PBS-rich phase crystallizes first (at higher
temperatures), the PBA-rich phase also crystallizes during cooling from the melt. Consequently,
at -40 °C, both phases are present and are shown in Figure 6¢ (e.g., see curve at 75=49 °C).

At lower Ts values (i.e., 44 to 34 °C, see steps 3 to 5, indicated in Figure 6d as PBS annealing),
the WAXS patterns at these holding steps evidence the annealing of the PBS-rich phase. Even
though the f-PBA continues crystallizing (see the peaks corresponding to f-(110) and f-(020) in
Figure 6¢), the intensity of the peaks (in particular the f-(110)) decreases, while their d-spacing
does not change (see Figure 6d and Figures S15a and b), indicating a saturation of the BS inclusion

in these steps (3 to 5). Therefore, we denoted this region as the PBS annealing zone in Figure 6d.

Region c: Annealing of the PBA-rich phase crystals

At the lowest Ts values (i.e., 29 to 24 °C, see steps 6 and 7), the PBA-rich crystals start to anneal,
as can be seen in the holding steps at 7 (see vertical dashed lines indicating the a-(710)rr4 and a-
(020)p4 peaks in Figure 6b). The annealing process at such low 75 would favor the crystal
matching sequence of the BA with itself instead of with BS segments. Then, with enough BA
sequences, a transformation from f to a is favored.

In Figure 6b, it is observed that the intensity of the peaks (for steps 6 and 7) indicated as a-

(110)pB4 and a-(020)pra4 increases (also see Figure 6d and Figures S15b and c). The absence of
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peaks in the position of the S-(020) peak (see Figure 6¢) suggests that the f-PBA is no longer
present. Additionally, Figure 6d shows a decrease in the d-spacing, and an increase of the intensity
that signals the S-a transformation. The curve at 24 °C, in Figure 6¢, shows a combination of PBS-
rich and the a-PBA-rich crystals. Therefore, the SSA protocol promotes the f-a change in the
polymorphic forms of the PBA crystals.

The change from the £ to the a-PBA phase is related to a perfecting process of the PBA unit cell
at the lowest 75s. Doi et al.74 describe this process in the annealing of PBA homopolymers. They
claim that the first step of this transformation is the thickening of the f-PBA, in which the defects
on the chain-folded surfaces are displaced, allowing a partial crystallization. Then, the £ to a solid-
solid transformation takes place, because the chains in the f crystal lattice acquire enough energy
to change their conformation to that of the a crystals.74 Recently, Wang et al.ss found that a direct
f to a transformation does not occur, and the change happens in two stages instead. First, the /-
phase melts, and subsequently, the recrystallization of the amorphous phase leads to the a-phase.
In another work, Cao and Wang also support a melt-recrystallization process.s7

The f to a transformation occurs not only in the 40:60 PBSA, but also in the 20:80 PBSA when
the SSA protocol is applied.

In the next section, we compare the changes caused by the crystallization conditions in the

comonomer exclusion/inclusion balance and polymorphism in the PBSA random copolymers.
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3.4. Comparison of the crystallization conditions at the
pseudo-eutectic behavior and counit inclusion/exclusion balance in PBSA

copolymers.

We have used three different crystallization conditions, and they displayed different
behaviors that reflect changes in the pseudo-eutectic region and in the comonomer
exclusion/inclusion balance. In this section, we compare and discuss these changes in the thermal

and structural properties.

3.4.1. d-spacing analysis: comonomer inclusion
One of the most important indirect evidences of comonomer inclusion is given by the changes
experienced in WAXS d-spacings of crystallographic planes, as comonomer composition varies.
In this section, we discuss the differences in d-spacing generated by each crystallization condition.
Figure 7 shows how the d-spacing changes as a function of the BA content for isothermal (i.e.,

low (Figure 7a) and high (Figure 7b) 7¢) and SSA (Figure 7c) conditions.

PBS-rich compositions

Figures 7a and b show that the d-spacings of the PBS-rich phase crystals (80:20 and 60:40 PBSA
copolymer compositions) remain almost unchanged, independently of the 7¢ values, as the BA
content increases. Only high contents of BA counits (i.e., 50 and 60%) change the d-spacing of the
PBS-rich phase crystals, reflecting a higher BA inclusion in comparison with copolymers with low
BA contents. The spacing of (020) PBS plane is more influenced by the BA inclusion as compared
to the spacing of (//0) PBS plane.

On the other hand, SSA experiments generate changes in d-spacing (see Figure 7c) for all PBS-

rich compositions (from 20 to 60% BA contents). In this case, the increase of the d-spacing occurs
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for both the (7/70) and (020) PBS planes, although the change is significantly larger for the (020)
PBS crystalline planes. Such a trend in the entire composition range reflects a different extent of

counit inclusion in comparison to isothermal experiments (and also non-isothermal, see Figure S16

in the SI).
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Figure 7. WAXS d-spacing as a function of BA content in the copolymers for (a,b) isothermal and

(c) SSA experiments. Note that the left y-axis corresponds to the PBS and PBS-rich phase crystals

d-spacing and the right y-axis to the PBA and PBA-rich phase crystals d-spacing. The isothermal

results are divided into (a) low 7c (Figure 3a), and (b) high (Figure 3b) 7 values. In (c) we take

the same crystal plane reflections for PBAo20 and PBS1:0 for the 40:60 composition (see Figure 5)

for comparison. Note that this peak has the contributions of both PBA and PBS crystal phases. We

indicated the diffracted planes in brackets. The shadowed region corresponds to the pseudo-
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eutectic region (i.e., around the 40:60 PBSA composition). Note that in (c) the differences in d-
spacing are only related to the composition, since the temperatures at which the WAXS pattern

were measured do not have a significant influence.

Pseudo-eutectic region

The highest d-spacing changes occur near or at the pseudo-eutectic region (see shadow
regions in Figure 7). For the PBS-rich phase crystals, the d-spacings corresponding to both (710)
and (020) planes increase, as BA content increases, and have their maximum values at 60% BA
content. This increase is related to the BA comonomer inclusion, especially significant for the
50:50 and 40:60 compositions. In the case of isothermal tests, the higher inclusion for these
pseudo-eutectic compositions help explain the largest changes observed in the //r50% data, in
comparison to the compositions containing less inclusion (lower BA content compositions), see
Figure 1a.

We also found that in the 40:60 PBSA (i.e., 60% BA content), at low 7¢ (see Figure 7a), both
PBS-rich and PBA-rich phase crystals were formed; therefore, we could measure the d-spacings
related to each phase. Such behavior was also observed in the SSA experiments (see Figure 7c¢).
In contrast, in the isothermal crystallization experiments performed at high 7¢ (see Figure 7b), only

PBS-rich phase crystals were formed in this 40:60 PBSA copolymer (i.e., 60% BA content).

PBA-rich compositions

In the PBA-rich regions in Figure 7, the changes in d-spacings are complex to analyze, due
to the polymorphic nature of the PBA-rich phase crystals. At low Tc (Figure 7a), the d-spacings

increase with BS content, practically in the entire composition range, evidencing BS inclusion (in
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particular for the (020) planes the changes are significant). But, at high 7¢ (Figure 7b), the possible
inclusion of BS units in the PBA-rich phase crystalline lattice, is difficult to judge since neat PBA
crystallizes in the a-PBA phase, whereas the copolymers crystallize in the f-PBA phase.

Interestingly, the SSA experiments favor the formation of the more stable a-PBA
crystalline phase (as shown in Figure 5), and the changes in d-spacings are different in comparison
with those obtained for f-PBA phase crystals in isothermally crystallized samples (see Figures 7a
and b). Figure 7c shows that only the d-spacing of the (71/0) a-PBA crystal plane shows an
expansion upon increasing BS content. The d-spacings corresponding to the (020) and (021) planes
show a decrease. We attribute this decrease to a compensation effect for the expansion of the unit
cell along the a direction (see Section 3.4.2).

The decrease of the d-spacings in some a-PBA crystal planes might suggest a difficult BS
inclusion in the a-PBA crystal lattice, in comparison with the f-PBA phase. Liang et al. 28 also
found that S-PBA crystals better tolerate HA units inclusion rather than a-PBA crystals.

We discuss the different BS inclusion in the o and S-PBA phase (monoclinic vs.
orthorhombic) in the next lines and in Section 3.4.2.

Normalized d-spacing comparisons

To further analyze the changes in WAXS d-spacings, we normalize them by the value of
their respective homopolymer crystal, as Normalized d-spacing = (d-spacingcopolymer/d-
spacinghomopolymer). These normalized spacings are plotted in Figure 8, as a function of the
composition for each crystallization condition. The normalization of the d-spacings allows
detecting their increases or decreases in comparison with those in the homopolymer unit cell (i.e.,

PBS or PBA).
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Figure 8. Normalized d-spacings for different crystallization conditions as a function of BA
content. (a) PBS (020) plane, (b) PBA (110) plane, (¢) PBS (110) plane and (d) PBA (020) plane.
The data used for the PBS under non-isothermal test corresponds to cooling rates of 5 °C/min. In
contrast, for comparison purposes, we have selected cooling rates of 50 °C/min instead for the neat
PBA and its copolymers (in this condition, these materials crystallize in the f-PBA form) (see

Figure S16). Note that the isothermal values correspond to low 7¢ conditions.

Figures 8a and ¢ show how the PBS-rich crystal phase plane spacings increase as BA
content increases. The magnitude of the increase in the normalized d-spacings depends on the

crystallization conditions. The larger increases (i.e., higher amount of BA comonomer inclusion
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within the PBS-rich crystal phase) with BA content occur in the non-isothermally crystallized
samples, followed by the SSA fractionated ones and, finally, by the isothermally crystallized. The
maximum comonomer exclusion obtained by fast cooling (50 °C/min) is expected for kinetic
reasons. However, the difference between isothermally crystallized and SSA fractionated samples
is unexpected. In view of the thermal cyclic protocol involved in SSA, one would expect that
molecular segregation would also favor comonomeric exclusion. Nevertheless, the results of
Figure 8 indicate that when the samples are crystallized isothermally, the degree of comonomer
exclusion is higher.

One possible explanation is that SSA combines non-isothermal with isothermal steps.
Hence, it is possible that during the non-isothermal crystallization steps, BA comonomeric units
are included within the crystals in such a way that the subsequent annealing steps (during the 5
min isothermal holding times at 7%) are not able to completely exclude them. Hence, the result
obtained is an exclusion/inclusion balance that is intermediate in between isothermal and non-
isothermal crystallization.

In the non-isothermal experiments, the fast solidification traps more BA comonomer units
inside the PBS-rich phase crystal unit cells, in comparison with an isothermal crystallization. Ruiz-
Orta and Alamoss studied random propylene-ran-1-butene copolymers. They found that the fast
crystallization favors the comonomer inclusion (i.e., 1-butene) due to the minimized sequence
selection; also, the faster crystallization hinders the molecular rearrangement needed for
segregating comonomer into the amorphous phase.s9 In contrast, at a slow crystallization rate (e.g.,
slow crystallization or isothermal crystallization at low supercooling) there is a crystallizable

sequence selection, since the longer sequences are selected first, and the shorter sequences remain
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in the surrounding residual melt. As a result, there are diffusion problems for these shorter
sequences, since the long ones are already pinned to the crystal.ss

The differences found in Figures 8a and 8c corroborate the findings of Ruiz-Orta and
Alamo,ss and suggest that the BA inclusion is higher in non-isothermally crystallized samples than
in isothermally crystallized ones.

Figures 8b and 8d show the normalized d-spacings of the PBA-rich samples as a function
of composition. In this case, the situation is different, because the crystallization conditions induce
different PBA crystals polymorphic forms. Polymorphism is the crucial factor for determining
comonomeric inclusion in the PBA-rich side of the composition diagram.

Figure 8b shows practically the same increase in d-spacing after applying a non-isothermal
and isothermal test. According to our previous argument, the fast solidification during the non-
isothermal test should lead to higher changes in the d-spacing than the isothermal test. However,
we found similar changes in d-spacing, T (see Figures 2b and c), and Xc (see Figures S9a and b)
values, suggesting that the comonomer inclusion in this case (i.e., PBA rich phase crystals) is not
sensitive to thermal history.

BS inclusion probably occurs in the PBA unit cells because the d-spacings values change
with composition and also there are polymorphic changes which would not occur unless inclusion
is present. In the current case, if the unit cell dimension is an indicator of the degree of inclusion,
it seems that the BS-rich counits are “trapped” independently of the crystallization rate. A possible
explanation is to consider that such BS inclusion inside the PBA unit cells is favored in such a way
that the same amount of inclusion is obtained either by slow or fast cooling. We speculate that the

inclusion of BS comonomeric units within the PBA unit cells is favored in comparison with BA
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units in PBS crystal unit cells, as both « and #~-PBA unit cell volumes are larger than that of the
o-PBS unit cell.

Interestingly, Figure 8b and d show that the BS inclusion affects differently the o and -
PBA form. In the (020) PBA plane, there is an increase of the corresponding f-PBA values, and a
decrease of the a-PBA values, as the BS content increases. In this case, a higher amount of BS
inside the f-PBA crystals produces an expansion along the b-axis, whereas inside the a-PBA
crystals the BS inclusion produces a compression.

For the (110) PBA plane, there is an increase of both a and f-PBA values as BS content
increases, resulting in an expansion along the a-axis. The different changes in the o and f-PBA
unit cell when the BS counits are included could also explain a distinct variation in the melting
temperatures (Figure 2d) and crystallinities (Figure S9c) registered during the SSA experiments.
To better understand these differences, we modeled the crystalline lattice of the parent components

and the possible ways of inclusion of counits.

3.4.2. Inclusion models: Crystalline unit cell.

It is generally assumed that the expansion of the crystalline lattice reflects comonomer
inclusion.26 The reason for such expansion is related to the geometrical and energetic mismatch
caused by comonomer inclusion. Although the conformation and packing of the comonomers
inside the parent unit cells are unknown, we think it is interesting to discuss the changes in the

crystalline lattice caused by comonomer inclusion.
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Figure 9. The unit cells for (a) PBS, (b) a-PBA, and (c) f-PBA projected along the c-axis. The
atomic coordinates are from the references 3e, 80, 90. Below are proposed unit cells with (a) BA
inclusion (i.e., assuming the a-PBA form), (b) and (c) BS inclusion. The changes in the modeled

unit cells are indicated.
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The projections along the c-axis of different crystalline structures, including a-PBS, and f-PBA,
are shown in Figure 9. We have employed the following values: a=0.523 nm, »=0.912 nm, ¢=1.090
nm (fiber axis), and f=123.980 for the a-PBS;36 a=0.673 nm, b=0.794 nm, c=1.42 nm, and f=45.50
for the a-PBA ;80 and ¢=0.503 nm, »=0.732 nm, and ¢=1.442 nm (fiber axis) for the f-PBA.9%0 The
PBS and a-PBA crystallize in a monoclinic unit cell, while f-PBA has an orthorhombic unit cell.
According to the above parameters, it is possible to calculate the cross-section (4) of each chain

within the unit cell with Equation 1:

A=Dbx*a=sin (p)2 (1)

We found that PBS has a cross-section of 0.198 nm, comparable to that of a-PBA (0.191 nm)
and higher than that of f-PBA (0.184 nm).

The top images of Figure 9 show the projection along the c-axis of the unit cells of the different
parent components. For BA comonomer inclusion, although the conformation of the BA unit can
be that of « or f§ phase, it seems that the general rule that a foreign comonomer (BA) expands the
parent unit cell (BS) is fulfilled.

On the other hand, we have modeled the BS inclusion into the PBA unit cell, assuming that the
BS units maintain the same conformation as in its homopolymer crystal when it enters into the
PBA unit cell. We can notice that the BS chain is “thinner” and “longer” than the PBA chains in
the a-crystals. Intuitively, it is reasonable to expect that the unit cell of a-PBA would shrink along
the b-axis and expand along the a-axis (see the highlighted chain in the bottom of Figure 9b) to
allow the BS unit inclusion. We observed this behavior in Figures 7c and 8b when the d-spacing

corresponding to the (020) plane decreased.
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In the case of the f-PBA, according to Figure 9, both a and b-axis might expand since the BS
chain is much “bulkier” (i.e., it has a larger cross-section) than the zigzag conformation of BA
units in f-form (see the highlighted part in the bottom part of Figure 9c). We found evidence of
this behavior in Figures 7a and 8d, in which the d-spacings corresponding to the (7/70) and (020)
planes show an increase. This simple illustration corroborates our experimental finding pointing

towards the role of polymorphic structure in comonomer inclusion for PBSA copolymers.

4. CONCLUSIONS

We studied the influence of the crystallization conditions on the comonomer exclusion/inclusion
balance for biodegradable PBSA random copolymers. The explored crystallization conditions
were non-isothermal, isothermal, and Successive Self-nucleation and Annealing (SSA).

Fast crystallization (i.e., non-isothermal tests) favors BA inclusion inside the PBS phase crystals,
whereas slow crystallization (i.e., isothermal test) strongly limits it. The combination of fast and
slow crystallization (i.e., SSA test), investigated for the first time, generates an intermediate
behavior, due to the inclusion of BA comonomers during the conditioning step, whereas the
annealing steps allow less incorporation.

For what concerns PBA, both fast and slow crystallization formed the f-phase, indicating that
BS unit inclusion is favored independently of the cooling conditions. A detailed study of
polymorphic evolution of a PBA copolymer during SSA tests demonstrates that the sample initially
crystallizes in the f-PBA phase but gradually changes to the more stable a-PBA as fractionation
progresses.

PBS crystal unit cell expands to accommodate BA comonomeric unit inclusion. On the one hand,

BS inclusion provokes an expansion of the f-PBA unit cell in the a and b-axis directions. On the

46



other hand, a combination of expansion in the b-axis and shrinkage in the a-axis occurs in the a-
PBA unit cells to accommodate BS comonomeric units inside them. A simple crystallographic

model has been proposed here to explain the changes in the unit cell dimension of the copolymers.
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