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Abstract

Isodimorphic random copolyesters are intriguing polymeric materials that can
crystallize in their entire composition range, despite the random distribution of
comonomer units along their chains. This behavior stems from the relatively similar
chemical repeating units of the parent homopolymers. In this feature article, we review
our recent works on isodimorphic aliphatic copolyesters, and extract general trends in the
framework of the literature. Isodimorphic behavior is a complex phenomenon driven by
comonomer partition within the crystalline unit cells formed. These copolyesters
crystallize in the entire composition range displaying a pseudo-eutectic behavior when
their melting points are plotted as a function of composition. Two crystalline phases,
which resembled the crystalline structures of the parent homopolymers, are formed,
depending on the considered composition range. The unit cell dimensions of the parent
homopolymers change, as a consequence of the inclusion of co-units. At the pseudo
eutectic point or pseudo-eutectic region, two crystalline phases can co-exist and their
formation strongly depends on thermal history. In this case, double crystalline random
copolyesters with two melting points and mixed double-crystalline spherulites can be
obtained. The exact composition of the pseudo-eutectic point, the level of comonomer
inclusion and the crystallinity degrees cannot be easily predicted by the copolyester
chemical structure and composition. These are important issues for further future studies,
as well as the quantitative determination of comonomer inclusion in the generated
crystalline phases. The extraordinary variation of thermal properties, morphology and
crystallinity that isodimorphic random copolyesters display as a function of composition,
allows to conveniently tailor their biodegradation, permeability to gases and mechanical

properties.
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1. Introduction

Copolymers are versatile materials that have been attracting academic and
industrial interest for decades. There are several types of copolymers including block,
graft and random amongst others [1]. This paper deals with the crystallization of the
simplest possible copolymers, i.e., random copolymers.

Random copolymerization is a simple synthetic strategy of combining the
properties of two distinct homopolymers. It provides random covalent links between
different comonomers, therefore ensuring total melt miscibility, at variance with the
typical immiscible polymer blends. Their thermal and mechanical properties can be
tailored by changing the composition of the copolymer.

Random copolyesters are very important polymeric materials as many of them can
be biobased and biodegradable. Their hydrolytic degradation rates strongly depend on
their chemical structure, degree of crystallinity and morphology. Their morphology and
crystallinity can also influence their mechanical properties, permeability to gases and
thermal stability.

The crystallization of random copolymers is a complex function of the chemical
structure of the repeating units involved, molar ratio of comonomers and molecular
weight.

Scheme 1 represents the three general ways in which random copolymers can
crystallize, as deduced from the trends of how the thermal transitions vary as a function
of copolymer composition. The thermal transitions represented as examples in Scheme 1
are those typically determined by non-isothermal Differential Scanning Calorimetry
(DSC) experiments.

Provided that the two crystallizable repeating units meet strict molecular
requirements, the copolymers can crystallize in the same crystal lattice, in the entire
composition range. In other words, the two comonomeric units along the chain can co-
crystallize regardless of the composition. Therefore, the two comonomers can be
considered miscible in the crystalline state. This case is referred to in Scheme 1 as total
inclusion of comonomers in a single crystal lattice or isomorphic behavior. Thermal and
structural properties, such as melting temperatures and lattice parameters, typically show

linear dependence on composition (see Scheme 1).

The concept of isomorphism in the polymer field was first considered by Natta et

al. [2]. According to Allegra and Bassi [3], the requirements to observe macromolecular



isomorphism in random copolymers are: (i) approximately same shape, volume and
compatible conformations of the different monomer units, (ii) analogous chain
conformation, lattice symmetry and dimensions of the crystalline phase of the “parent”
homopolymers, (iv) total miscibility in the melt of the comonomers and (v) similar rate
of crystallization of the two parent homopolymers. As a result, a total inclusion of both
comonomers in the crystalline lattice occurs, and the composition of the crystal perfectly
reflects the one of the polymer chain. Because of the specific conditions to be met, as far
as the author are aware, only four random copolyesters have been reported to exhibit
isomorphic crystallization: poly (hexamethylene gluarate-ran-hexamethylene azelate)
(P(HG-ran-HA)) [4], poly (e-caprolactone-ran-2-oxepane-1,5-dione) (P(CL-ran-OPD))
[5], poly (e-caprolactone-ran-o-pentadecalactone) (P(CL-ran-PDL)) [6], and poly
(butylene succinate-ran-butylene fumarate) (P(BS-ran-BF)) [7].

Total
T v T v T T T " T " ﬁ Inclusion
",,*’:{’ or Miscible
L Isomorphism " o/ -
—~~ -7 o)
O [ ,z’. ,/ ’
oS - _ : O
& Isodimorphism . , -
8 \\\\\~\ D // /
E B \\ \\.‘\‘ // ,' -
e | ° |
o " (@) y
— s ‘
* .\ O///
5 ‘@ - . ':'otgl
xclusion or
% 1 o
] . 1 . 1 . R 1 2 1 Inmiscible
0 20 40 60 80 100

Comonomer Content (wt. %)

Scheme 1. Melting (or crystallization) temperature as a function of comonomer content
for different possible copolymers. From top to bottom four cases are represented:
isomorphic behavior, isodimorphic behavior for copolymers with small amount of
comonomer exclusion, isodimorphic behavior with a large amount of comonomer
exclusion, copolymers with total exclusion of second comonomer. See text.



When the two homopolymers (A and B) do not share a common crystalline
structure, but they still have similar repeating units, an isodimorphic behavior of the
random copolymers (A-ran-B) constituted by the respective repeating units can result. A
partial inclusion of comonomer A in the unit cell of homopolymer B crystals is typically
observed for copolymers with composition rich in B units, and vice versa. However, the
inclusion is only partial, i.e., the concentration of comonomer A in the B crystals is lower
than its concentration in the polymer chain. Since both comonomers can be hosted in the
crystals of the majority component (comonomer A in the B crystals, and comonomer B
in the A crystals), a “pseudo-eutectic” trend of the thermal properties (melting and

crystallization temperatures, as well as their enthalpies) is obtained (Scheme 1).

As represented in Scheme 1, isodimorphic copolymers are characterized by a
homopolymer-A-rich crystalline phase in one side of the pseudo-eutectic region and a
homopolymer-B-rich crystalline phase on the other side of the eutectic region. While
isodimorphic copolymers can still crystallize in the entire composition range, the melting
temperature of the two crystalline phases is depressed by the presence of the included
second comonomer, until a minimum value is reached for an intermediate composition.
As will be reported below, recently, three phases have been found at the eutectic region,
i.e., mixed amorphous phase, homopolymer-A-rich crystalline phase and homopolymer-
B-rich crystalline phase. This is the reason behind the double data points represented at
the eutectic composition in Scheme 1. More precisely, the term pseudo-eutectic point or
pseudo-eutectic region should be preferred, since the three phases are not in
thermodynamic equilibrium. Hence, at the pseudo-eutectic region the copolymers can

display double crystalline superstructural morphologies (see below).

As far as the authors are aware, there are no general rules that can unambiguously
predict if a copolymer will display isodimorphism or not. In fact, even in those cases
where the comonomers have similar chemical structures and are miscible in the
amorphous phase, the possibility of forming a mixed crystalline unit cell, or in other
words the efficiency of comonomer inclusion, is not easily determined. In spite of this,
some features affecting isodimorphic behavior have been highlighted in the literature.
For instance, a homopolymer with a large unit cell is expected to include more easily a
comonomer whose respective homopolymer presents a smaller unit cell [8]. Also, a
comonomer with an even number of methylene groups in the repeating unit will most

likely include similar even CH, comonomers in its unit cell, and exclude those with odd
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number of carbon atoms in their chemical structure [4, 9]. These empirical rules, related

to the miscibility of the comonomers in the crystalline state are not always strictly obeyed.

It is worth noting that in Scheme 1 two curves for the isodimorphic case are shown
from top to bottom, representing different degrees of inclusion of the comonomers in the
homopolymer crystal lattice. With a higher degree of inclusion, the
crystallization/melting behavior deviates less from the isomorphic case. In contrast, when
the comonomer units are largely excluded from the crystals, even though the copolymer
may still able to crystallize in all compositions, the thermal response will be closer to that
of a copolymer characterized by a complete rejection of the co-units to the amorphous

phase, discussed in the following.

When comonomer B is completely rejected from the crystalline structure of the
major component (comonomer A), the transition temperatures and enthalpies are strongly
depressed as the content of comonomer B increases in the random copolymer, and there
exists a range of copolymer compositions where the copolymer remains completely
amorphous. Random copolymers with complete exclusion, where symmetrical
compositions do not crystallize are very common and constitute the most commonly
reported case in the literature.

In this feature article, we will focus on the crystallization of isodimorphic random
aliphatic copolyesters. These polymers have recently drawn the attention of researchers
because of their bio-degradability and, in some cases, bio-renewable origin. Most
importantly for the present topic, many random copolymers show isodimorphism to
different extents. Beside the scientific interest, this peculiarity offers a way of tailoring
the copolymer properties by varying composition.

Several examples of isodimorphic copolyesters, mainly poly (hydroxyalkanoates),
were reported in the review of Pan et al., in 2009 [10]. In Table 1 we summarize more
recent works on random aliphatic copolyesters, indicating for each system the type of
comonomers and the melting points of each homopolymer. We note that in most of the
cited studies, the co-crystallization of the co-units in the whole composition range was

observed, but the isodimorphic behavior of the systems is seldom discussed in detail.



Table 1. List of isodimorphic random aliphatic copolymers reported in the literature after 2009

System Acid Group Alcohol group Tm (°C) Reference
PHS Succinic acid + 1,6- Hexanediol 52.6
P(HS-ran-HA) Adipic Acid + 1,6- Hexanediol 54
P(HS-ran-HSu) Suberic acid + 1,6- Hexanediol 63.3 [11]
P(HS-ran-HSe) Sebacic acid + 1,6- Hexanediol 64.3
P(HS-ran-HD) Dodecanedioic acid + 1,6- Hexanediol 70
Succinic acid + 1,6- Hexanediol 57
P(HS-ran-HA) Adipic Acid n 1.6- Hexanediol 62 [12]
Sebacic acid + 1,6- Hexanediol 68.9
P(HSe-ran-HA) Adipic Acid ¥ 1,6- Hexanediol 60 [13, 14]
Succinid acid + 1,3-propanediol 45.4
P(PS-ran-ES) Succinic acid + ethylene glycol 105.5 []
Succinic acid + 1,4-butanediol 113.8
P(BS-ran-HS) Succinic acid + 1,6- Hexanediol 51 [15]
Glutaric acid + 1,6- Hexanediol 30.3
P(HG-ran-HP) Pimelic acid + 1,6- Hexanediol 49.9
Pimelic acid + 1,6- Hexanediol 49.9
P(HP-ran-HA) Azelaic acid + 1,6- Hexanediol 53 [4]
P(HG-ran-HA) Glutaric acid + 1,6- Hexanediol 30.3
Isomorphic Azelaic acid + 1,6- Hexanediol 53
Succinic acid + 1,4-butanediol 115
P(BS-ran-BAz) Azelaic acid + 1,4-butanediol 41 [16-18]
Succinic acid + 1,4-butanediol 114
P(BS-ran-BA) Adipic Acid " 1.4-butanediol 51-50 [19]
PHSu Suberic acid + 1,6- Hexanediol 63.8
P(HSu-ran-HSe) Sebacic acid + 1,6- Hexanediol 65 [20]
P(HSu-ran-HA) Adipic Acid + 1,6- Hexanediol 59.4
P(HA-ran-BA) Adipic Acid + 1,6- Hexanediol 59.8 [21]




Adipic Acid + 1,4-butanediol 51.2
Succinic acid + 1,3-propanediol 50
P(PS-ran-BS) Succinic acid + 1,4-butanediol 116 [22]
. Adipic Acid + 1,3-propanediol 48
P(PA-ran-BA) Adipic Acid n 1.4-butanediol 58
Monomer A Monomer B Tm (°C) Reference
P(LLA-ran-L-2HB) L-lactic acid + L-2hydroxybutanoic acid 165 101 [23]
PB-ran-Manx diol 2,4:3,5-di-O-methylene-D-mannitol(Manx) 4 Poly(dimethyle succinate) | 1115 125 [24]
P(BS-ran-CL) Poly(butylene succinate) + Poly(e-caprolactone) 110 55 [25]
P(BL-ran-CL) Poly(Y-butyrolactone) + Poly(e-caprolactone) 63.5 57.6 [26]
P(BL-ran-VL) Poly(Y-butyrolactone) + Poly(s-valerolactone) ' 58.6
P(CL-ran-DL) Poly(e-caprolactone) + Poly(w-pentadecalactone) 52 92 [27]




Therefore, this article will first describe the general crystallization features of
isodimorphic aliphatic copolyesters, using selected examples, mainly from our own work.
In particular, we will discuss how different experimental techniques can reveal the
presence of isodimorphism, as well as kinetics and thermodynamics aspects of the
crystallization process.

Finally, we will highlight the peculiar crystallization behavior of random
copolyesters with compositions corresponding (or near) to the pseudo-eutectic point. In
these systems, both types of crystals, either rich in one or the other component, can
develop and coexist, often depending on the specific imposed thermal history. The
crystallization of pseudo-eutectic compositions is probably the most intriguing and
overlooked aspect of the crystallization of these materials.

2. Crystallization of isodimorphic random aliphatic copolyesters

The isodimorphic character of random copolyesters is reflected in various aspects
of their crystallization process. Differential scanning calorimetry (DSC) characterization
can efficiently highlight the pseudo-eutectic feature of the thermal transitions. Moreover,
the partial inclusion of the minority co-unit in the crystalline unit cell of the major
component impacts the structure and morphology at different levels, and can thus be
probed with suitable techniques, such as Wide and Small Angle X-Ray Scattering
(WAXS/SAXS), infrared spectroscopy (FT-IR) and Polarized Light Optical Microscopy
(PLOM). However, the direct quantification of the extent of comonomer inclusion in a
given crystalline lattice is not frequently reported, as it is not an easy task, while indirect
estimates can be provided by the comparison of the experimentally determined
equilibrium melting points with existing theories of random copolymers melting. On the
other hand, the effect of isodimorphism on crystallization is seldom explored in detail and
typically only in a limited range of compositions and/or undercoolings. Results on the
above mentioned aspects of isodimorphic crystallization of random aliphatic copolyesters

are briefly reviewed in the following.

2.1 Pseudo-eutectic behavior
The isodimorphic behavior in random copolymers is clearly manifested in non-

isothermal heating and cooling experiments, since the transition temperatures show a
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strong and characteristic dependence on copolymer composition. Regarding the glass
transition temperature (Tg), a single value for each composition is found, in agreement
with the expected random distribution of co-units along the polymer chain. The T4 lays
between the values of the two relative homopolymers and depend on composition.
Deviations from the linear dependence [19, 23, 25, 28] are typically described according
to Fox [29] and Gordon-Taylor [30] equations.

Despite being random, these copolymers can crystallize in the entire composition
range. Figure 1 shows an example, for the system poly (butylene succinate-ran-butylene
adipate) (PBSA), of the variations of the crystallization and subsequent melting curves

when changing the content of the diacid co-unit from 0 to 100%.
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Figure 1. Non-isothermal DSC (a) cooling and (b) subsequent heating scans for PBSA
random copolymer; the crystallization and melting temperatures of the parent
homopolyesters are indicated. Based on ref. [19].

A change in the trend of the crystallization/melting process is observed at a certain
composition, which divides the copolymer composition interval into two ranges, one with
crystalline features related to “comonomer A-rich”, the other with “comonomer B-rich”

phases. At intermediate compositions (close to 50:50 in the example of Figure 1)
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crystallization is certainly hindered, as deduced from a minimum in the crystallization

temperature and enthalpy, but not prevented.
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Figure 2. Peak (a) crystallization and (b) melting temperatures for poly (butylene
succinate-ran-butylene azelate) P(BS-ran-BAz), poly (butylene succinate-ran-butylene
adipate) P(BS-ran-BA) and poly (butylene succinate-ran-e-caprolactone) P(BS-ran-CL)
as a function of copolyester composition. Based on ref. [16, 19, 25].

Therefore, the thermal properties extracted from the typical non-isothermal DSC
scans, i.e., crystallization and melting temperatures, as well as the respective enthalpies,
follow a pseudo-eutectic behavior. Some representative examples are shown in Figure 2,
which reports the crystallization and melting temperatures of three random copolyesters
based on poly (butylene succinate) with different comonomers, as a function of butylene

succinate (BS) molar fraction. Figure 2 also shows the tailored control of thermal
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properties of isodimorphic copolymers simply selecting specific compositions. It is worth
noting that the crystallization of the materials in all the composition range helps in their
procesability, since if co-crystallization takes places, the copolymers are semicrystalline
and procesable, whereas if co-crystallization does not occur the material will be
amorphous (at least in a wide range of compositions).

The fact that truly random copolyesters can crystallize in all the composition range
(see Figure 2a) is in itself a strong indication that both crystalline phases can incorporate
at least a small amount of the minor component in the crystalline lattice of the
corresponding phase. Considering for instance the PBS-rich side (right hand side of the
pseudo-eutectic region) of the plots in Figure 2b, the melting of the crystalline phase is
depressed to lower temperatures as the comonomer content is increased. Therefore,
despite the interruption of PBS sequences by the BA, BAz or CL repeating units, which
leads to lower melting point crystals, a significant degree of crystallinity of the PBS-rich
phase can still be achieved in these copolymers, even when the content of comonomer is
as high as 40-60 %. This indicates that co-crystallization of the two comonomers in the
same crystal lattice is possible to some extent.

In the case of total exclusion of the comonomers in the amorphous regions, any
given crystalline phase is formed by A units only or by B units only. In those cases, 20 %
of co-units randomly distributed along the chains is usually enough to completely inhibit
the crystallization. A clear example of this behavior is given by statistical ethylene/1-
octene or propene/1-octene synthesized with metallocene catalysts [31, 32]. For random
copolyesters, a similar behaviour has been claimed by Soccio et al. in poly (propylene
isophthalate-ran-propylene succinate) [33] and poly (propylene isophthalate-ran-

propylene adipate) [34].

A more direct evidence of co-crystallization of the co-units can be obtained by FT
infrared spectroscopy (FT-IR). Inoue et al. studied the crystallization behavior of several
aliphatic random copolyesters with this technique [12, 13, 21]. Some IR absorption bands
can be assigned specifically to a given co-unit in the crystalline state. In the isodimorphic
copolymers (see, for example, poly (hexamethylene adipate-ran-butylene adipate)
(P(HA-ran-BA)) [21]), the intensities of these characteristic bands of both comonomers
simultaneously increase with time during crystallization and decrease with temperature

upon melting. This result proves the co-existence of the two units in the crystalline lattice
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of the different homopolymers. Furthermore, by applying Lambert-Beer’s law, the
content of co-unit included in the crystals can also be estimated [13, 35].

The pseudo-eutectic behavior of isodimorphic polymers is manifested by a
decrease in the transition temperatures with composition departing from those of the two
homopolyesters, until a minimum value is reached. The comonomer concentration at
which this minimum is found is generally located around the equimolar composition [20,
21], however, some systems show pseudo-eutectic points in significantly different
concentration interval (e.g., 60:40, 80:20) [4, 11, 13, 16, 19, 23, 36, 37]. For instance, in
poly (hexamethylene dicarboxylate) copolymers the eutectic composition shifts from a
co-unit concentration of 50 to 20 %, with increasing the length of aliphatic diacid units
from 4 to 8 CH> units [11]. In most studies [4, 11, 16, 19, 21, 36], the minimum of
crystallization/melting temperature is located at compositions shifted towards higher
contents of the commoner whose respective homopolyester has the lower melting point.
In order to explain this feature, several thermodynamic models that take into account the
energy behind the higher or lower tendency to co-crystallize of different comonomer pairs
have been applied. The main models adopted, and their application to isodimorphic
random copolyesters will be summarized in a subsequent section (see section 2.5).

An intriguing aspect of copolymer crystallization at compositions close to the
pseudo-eutectic one, is the presence of a double melting peak, related to the formation of
two different crystalline phases, rich in one and in the other type of comonomers,
respectively [15, 16, 19, 24, 25]. This observation will be discussed in more details in
section 3.

Interestingly, the overall crystallinity of an isodimorphic system also exhibits a
pseudo-eutectic trend with composition, as shown in Figure 3. Indeed, despite that these
random copolymers can crystallize in the entire composition range, testifying the partial
inclusion of both co-units in the different homopolyester crystal lattice, the degree of
crystallinity attained by the copolymers typically shows a minimum around the pseudo-
eutectic composition. This indicates that the co-units still represent “defects” for the
crystal and their presence hinders crystallization, as such, they are preferentially excluded
from the lattice (or only partially included). The extent of crystallinity depression is thus
related to the easiness of comonomer co-crystallization. Note that the crystalline phase
with the highest amount of a given comonomer is the one that develops a higher

crystallinity degree within the pseudo-eutectic region.
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Figure 3. Percentage of crystallinity (Xc%) as a function of BA content in P(BS-ran-BA)
random copolymers. The shadowed area indicates the pseudo-eutectic compositional
region. The X. values were calculated from the data reported in reference [19].

2.1. Co-units co-crystallization: unit cell and lamellae

In many cases, the partial inclusion of a comonomer into a crystalline structure
different from that of its homopolymer can be revealed by X-ray diffraction. Two typical
series of WAXS patterns of PBSAz and PBSA isodimorphic random copolyesters [16,

19] of different compositions are shown in Figure 4.
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Figure 4. WAXS patterns for (a) PBSAz and (b) PBSA taken at (a) -30 and (b) -40 °C
after previously cooling the samples from the molten state at (a) 10 and (b) 5 °C/min,
respectively. The differences in 26 angles are due to the different wavelengths employed:
(@) 2=0.154 nm and (b) 4=0.103 nm (synchrotron experiments). Data replotted from refs.
[16, 19], for (a) and (b) respectively.

Both cases illustrate the changeover from the crystalline phase of PBS to the one
of PBAz (or PBA) (see Figure 4a and b, respectively), with changing the copolymer
composition, as expected for isodimorphic systems. The WAXS pattern acquired after
crystallization corroborate the information derived by DSC, and allow to attribute the
pseudo-eutectic behavior in the crystallization/melting temperatures to the formation of
crystalline phases rich in the different comonomers. At intermediate compositions, the
presence of reflections typical of both crystalline phases can be clearly deduced in Figure
4a, while the diffractions peaks partially overlap in the case of PBSA (Figure 4b).
However, the concurrent formation of the two phases at the pseudo-eutectic point can be
promoted with specially designed thermal treatments, as later discussed in section 3.

Besides the general information on the presence of the crystalline phases, the
WAXS analysis can reveal the (partial) inclusion of a co-unit in a given structure. Indeed,
when the crystal hosts a repeating unit different from that which constitutes the
homopolymer, several different situations can arise, depending on the specific
crystallographic features of the considered systems. In particular, upon inclusion of a

comonomer, a crystalline unit cell can: (a) increase in size to accommodate the co-unit
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(generally bulkier although it can happen with smaller co-unit as well [38]); (b) shrink in
certain directions, as a result of a lower volume occupied by the defect; (c) remain
unchanged in size.

These changes can be identified by tracking the crystallographic spacings (d-
spacing) of the various planes as a function of copolymer composition. Examples of

different situations are reported in Figure 5 for different systems [4].
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Figure 5. d-spacings values of characteristic diffraction planes and Tr, as a function of
comonomer content for: (a) poly (hexamethylene glutarate-ran-hexamethylene pimelate)
P(HG-ran-HP) and (b) poly (hexamethylene pimelate-ran-hexamethylene azelate) P(HP-
ran-HAz) . Data replotted from ref. [4].

The copolymers of Figure 5 are poly (hexamethylene dicarboxylate) copolyesters
where the chain length of the aliphatic diacid is varied. It can be seen that little or no
variations in the spacings is observed when comonomers with lower number of methylene
units are included in the crystals of the homopolymer with longer aliphatic sequences,
i.e., as in the case of glutaric acid substituting pimelic acid (3 and 5 methylene units,
respectively), Figure 5a, or pimelic acid (5 methylene) copolymerized with azelaic acid
(7 CHy), Figure 5b. On the other hand, accommodating a diacid with higher number of
CH: in the unit cell of a polyester with a shorter diacid can lead to both an increase or
decrease in the distance between a given family of planes, see P(HG-ran-HP) and P(HP-

ran-HAZz), Figure 5a and b, respectively. The difference may depend on the details of the
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specific structure, i.e., on the volume occupied by the co-unit in the acquired
conformation along the considered crystallographic direction. Note that the changes in
the spacings can be correlated with variations of Trm values as a function of composition
(see bottom plots in Figure 5).

It should be noted that the increase in the spacings of the lattice planes has not
always been attributed to the inclusion of comonomer. Tan et al. suggested that such small
changes may be attributed to lattice distortions due to the accumulation of excluded
commoner at the surface of the crystals, although no specific evidences for such
accumulation were provided [15]. However, this interpretation would not be in agreement
with the relevant changes in the thermal properties (See Figure 2 and bottom part of
Figure 5) observed in these systems, in parallel with the changes in the lattice spacings
[4, 11, 16, 19, 25]. In fact, several theories of comonomer inclusion in the crystal predict
the observed trend of (equilibrium) melting temperatures with composition, as it will be
described in a forthcoming section.

In order to qualitatively compare different random copolymer systems, in terms
of lattice distortions due to partial comonomer inclusion, we have normalized the d-
spacing values of selected planes, by calculating the ratio between their value in a given
copolymer and the maximum overall spacing reached in the entire composition range.
The results are summarized in Figure 6, where the homopolymer of “monomer A” is the
one with the highest melting point, and the vertical dashed lines indicate the position of

pseudo-eutectic point for each system.
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Figure 6. Normalized d-spacing as a function of copolymer composition for different
isodimorphic random copolymers [4, 11, 15, 16, 19]. Note that one isomorphic random
copolymer is included [4]. Circle symbols are used to indicate the spacings of the A-rich
phase, whereas square symbols are used to indicate the spacings of the B-rich phase, to
the right of the pseudo-eutectic points indicated with vertical dashed lines for the different
copolymers reported. Note that the superscripts in the legend of the works of Yu et al. [4,
11] are used to indicate different isodimorphic random copolymers.

It is interesting to see that, although the changes in the d-spacings are typically
less than 4%, these relatively small variations are associated with large depressions of
crystallization capability and melting temperatures, as discussed in the previous section.
Moreover, by comparing the left and the right-hand part of the dash vertical lines in the
plot of Figure 6 together with the melting point data for the selected copolymers, we learn
that the crystals with higher melting temperatures undergo larger distortions of their
structural dimensions upon comonomer inclusion, with respect to the lower melting
temperature crystals.

It appears that several factors may play a role in determining the miscibility of the
comonomers in the crystalline state. The type of crystalline unit cell of a polyester is
generally determined by the number of methylene groups in the glycol and diacid sub-
units: polymers with an odd number of CH. units between the ester bond usually
crystallize in an orthorhombic unit cell, whereas in the case of an even number of
methylene groups, a monoclinic unit cell is obtained [9]. Polyesters with odd-chain
segments crystallize with more difficulty with respect to even-methylene segments one,
as judged by their lower crystallinity [4]. In general, co-crystallization of two co-units is
expected to be easier when the relative homopolymers share the same type of unit cell.
However, exceptions to this rule are also reported [32]. The length of the co-units is not
a universal criterium to predict co-crystallization ability. Indeed, sometimes co-units with
shorter methylene sequences are easily included in the unit cell of polyesters with more
CH2 units, and vice versa. Clearly, the extent of co-crystallization in aliphatic
copolyesters depends on subtle crystallographic details, which, at present, need to be

evaluated for each particualr investigated system.
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Figure 7. (a) Lorentz-corrected SAXS patterns and (b) lamellar thickness as a function
of PBA content for PBSA random copolyesters. Based on ref. [19].

Moving from the crystal unit cell sizes to the mesoscale, some representative
SAXS patterns of isodimorphic copolymers with different compositions are shown in
Figure 7a [19]. The samples exhibit a clear intense maximum that is interpreted as the
scattering produced by stacks of lamellar crystals. Depending on the composition, the
lamealle correspond either to one or the other comonomer-rich crystals. (e.g., PBS or
PBA rich phase crystals in Figure 7a). At intermediate compositions, the SAXS patterns
might show a single peak or double peak, related to the presence of crystal populations
with different average lamellar thickness, as explained in the next section.

From the long period of the system (d*), and knowing the crystallinity, the lamellar
thickness can be estimated for each composition [16, 19]. Also the thickness of the
lamellae display a pseudo-eutectic variation with composition, as shown in Figure 7b
[19]. This indicates that the inclusion of the comonomer in a homopolyester lattice is not
straightforward, since it causes the formation of thinner lamellae as the content of co-unit

is raised.

19



2.2. Supramolecular morphology

Isodimorphic copolyesters usually exhibit typical spherulitic morphology,
commonly identified by polarized light optical microscopy (PLOM). In one of our recent
works [25], we studied the effect of copolymer composition and crystallization
temperature (Tc) on the spherulitic texture of P(BS-ran-CL) copolyesters. Figure 8 shows
PLOM micrographs for PBS and PCL-rich compositions, during isothermal
crystallization at a constant nominal supercooling, i.e., at identical observed Tm-Tc values.

The incorporation of comonomer units has a strong impact on both nucleation and
growth of the majority phase spherulites. Increasing amount of CL co-units content in the
PBS-rich copolymers leads to the formation of a higher concentration of less perfect
spherulites, indicating an increase in nucleation density. A similar effect is seen in the
other end of compositions. According to studies by Gan et al. [39] on poly (butylene
succinate-ran-ethylene succinate) (P(BS-ran-ES)), and Wang et al. [40] on poly (butylene
succinate-ran-hexamethylene succinate) (P(BS-ran-HS)), copolymerization decreases
crystal growth rate. For example, the inclusion of 14 mol% of hexamethylene succinate
in PBS homopolymer decreases the spherulitic growth rate by an order of magnitude, at
the same crystallization temperature. However, a more fair comparison would have to be
made as a function of supercooling (at least an apparent supercooling, if the equilibrium

melting temperatures are not available).
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Figure 8. Polarized optical micrographs of P(BS-ran-CL) (coP(BSxCLy) copolymers
with different compositions, after isothermal crystallization at the indicated temperatures
(which correspond to the same apparent supercooling for the crystallizing component, see
text) and times. Based on ref. [25].
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In another recent paper, the morphology of non-isothermally crystallized PBSA
copolymers was analyzed [19]. The PBS and PBA-rich compositions exhibit the
spherulitic morphology of the parent corresponding homopolymers, as shown in Figure
9. In both cases, the nucleation density increases with increasing co-units content,
probably due to the related change in supercooling with composition, upon cooling at
constant rate. Interestingly, the presence of ring-banded spherulites in PBS-rich (see
Figure 9a) composition, and their absence in PBA-rich compositions (see Figure 9b), is
an evidence that the superstructural morphology is dominated by the majority component
in the copolymer. Similar results were obtained by Tan et al. for P(BS-ran-HS) copolymer
[15].

The spherulitic morphology of double-crystalline copolymers of composition

close to the pseudo-eutectic one will be considered in Section 3.

BSeoBA4o, 27°C

BS20BAs, 21°C

BS40BA60, 3°C

Figure 9. Polarized light optical micrographs for (a) PBS-rich phase copolymers and (b)
PBA-rich phase copolymers taken at —40 °C after cooling from the melt at 5 °C/min. The
temperature at which the first spherulites appear, i.e., onset crystallization temperature, is
indicated under each micrograph, see text and ref. [19]. for details. Based on ref. [19].
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2.3. Isothermal crystallization Kinetics

The overall isothermal crystallization kinetics, which takes into account both
nucleation and growth, can be conveniently measured by isothermal DSC experiments.
For isodimorphic random copolyesters there are several literature reports dealing with
DSC isothermal crystallization kinetics, however, they typically cover a limited range of
compositions, i.e., close to the major components [18, 24, 41, 42]. This limitation is
related to the widely different crystallization temperature range or kinetics observed when
changing from one type of crystalline phase to the other. Data extracted from two recent
studies on poly (hexamethylene adipate-ran-butylene adipate) (P(HA-ran-BA)) [43] and
P(BS-ran-HS) [40] copolymers are reported in Figure 10, as an example.
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Figure 10. Isothermal crystallization of P(HA-ran-BA) (HAxBAy) (left) and P(BS-ran-
HS) (BSxHy) (right). Data replotted from ref. [40, 43].

The crystallization rate, expressed as the reciprocal of the half-crystallization time
(1/rs0%), decreases for all systems with increasing T¢, a common trend in the temperature
range close to the melting point of the sample, where crystallization is dominated by
nucleation control (in this case both primary and secondary nucleation, as the experiments
are performed by DSC). The half-crystallization time curves shifts to lower temperatures
as the second comonomer is incorporated in the copolymers, indicating a large change in
supercooling. A copolymer with 35-55 % co-units crystallizes at the same rate of the
parent homopolymer if crystallization occurs at temperatures 25-40 °C lower. This
behaviour is attributed to a diluting effect of the comonomer, which is preferentially not

included in the crystals, and to the decrease of the equilibrium melting point with
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increasing comonomer content. In fact, the crystallization Kkinetics of different
copolymers should be more rigorously compared at the same supercooling, rather than at
the same crystallization temperatures. This can be done either by using nominal
supercooling values (calculated with experimentally determined Tm values) or with
equilibrium melting temperature values. However, the issue of equilibrium melting
temperature of random copolymers is not trivial, and the extrapolation methods used for

its determination are often questionable [44].

2.4. Effect of comonomer partitioning on the equilibrium melting point

As shown in previous sections, the extent of comonomer inclusion in the crystal
lattice controls the crystallization behavior of isodimorphic copolymers, affecting for
instance the shape of the pseudo-eutectic curves, the degree of crystallinity and the rate
of crystal formation. An indirect way to derive information on the partitioning of co-units
between the crystalline and amorphous phase is to compare the experimental estimations
of the equilibrium melting points with theoretical models which account for the effect of
partial inclusion of the comonomer in the crystal on this thermodynamic value.

If the comonomer is totally rejected from the crystal into the amorphous phase,
Flory [45, 46] and Baur [47] theory can be applied. The Flory theory was the first to treat
the issue of crystallization of random copolymers. Neglecting the enthalpy of mixing for
the two comonomer units, the equilibrium melting point of a copolymer containing a

concentration Xg of non-crystallizable comonomer can be expressed as:

1 1 _ R
70 ~ AHo0

In(1 — Xp) )

where T, and AH?, are the homopolymer equilibrium melting temperature and heat of
fusion, and R is the universal gas constant.
Baur modified the expression obtained by Flory, on the basis of the concept of

“hindered equilibrium” introduced by Kilian [48]:

1 1 R
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where, () = [2X5(1 — Xg)] tis the average length of crystallizable homopolymer
sequences in the melt.

Subsequent theoretical works accounted for the partial inclusion of the
comonomer B in crystals of the A repeating unit [49, 50]. Sanchez and Eby proposed
that if the B comonomer was partially included into the crystal of A, it could act as defect

and modify the equilibrium melting point according to:
1 1 R

7 " = apg (1~ Xp + Xpe ¢/RT) ®3)
where Xze~#/RT is the equilibrium fraction of B repeating units that are able to co-
crystallize, and ¢ is the excess free energy of a defect created by the incorporation of a
single B unit into the crystal.

A more comprehensive treatment of the problem was proposed by Wendling and
Suter to account for isodimorphic behavior and crystallization of copolymers with large
content of co-unit [48, 51, 52], assuming that the free energy penalty paid to accommodate
a defect in the crystal decreases with the increase of included comonomer. As such, the
equilibrium melting point of the copolymer is then given by:

1 1 _ R
o — g0
Tm Tm(XB)  A4Hpm

In (1= X + Xpe ) — ()" (4)

where:

(€)1 = 2(Xp — Xpe 7) - (1= Xp + Xpe 77) (5)

The case of complete exclusion and of uniform inclusion can be obtained as particular
solutions to this equation.

Flory, Baur, Sanchez-Eby and Wendling-Suter equations have been employed to
describe the experimental variation of equilibrium melting temperatures of isodimorphic
copolyesters in several studies [4, 9, 11, 36]. As an example, Figure 13 shows comparison
performed for copolyesters of hexamethylene diol with diacids of different lengths with
the different models [11]. The Wendling-Suter equation provides the best fit for the
experimental results using as fitting parameter the defect free energy (e), which is
independent on composition, but is determined by the particular system and crystalline

phase. Typical values of the defect free energy are comprised between 4 and 8 kJ/mol,
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the higher the value, the more difficult is the commoner inclusion in the lattice. From the
analysis of the data in Figure 11, it can be deduced that the defect free energy values for
incorporating diacid co-units with higher methylene number into the P(HS) crystals
(diacid sub-unit with only two CH: groups) increases with the number of CH> moieties.
On the other hand, succinic acid is in general more easily included in P(HX) crystals,
where X is a diacid sub-unit characterized by a number of methylene groups higher than

2, and the inclusion is greater the longer the diacid sub-unit X [11].
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Figure 11. Comparison of the experimental equilibrium melting temperatures with the
theoretical melting temperatures predicted by the Sanchez-Eby theory (orange curves),
the Flory theory (green curves), Baur theory (blue curves) and the Wendling-Suter theory
(black curves): (a) P(HS-ran-HA), (b) P(HS-ran-Hsu), (c) P(HS-ran-HSe) and (d) P(HS-
ran-HD). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article). Reprinted with permission from [11].

It appears clear that useful information on commoner partitioning can be derived
by existing theories of copolymer melting. However, since the experimental
determination of equilibrium melting temperature of random copolymers is not easy and
the methods employed can yield to erroneous values, [44] the use of other empirical
methods to estimate the degree of comonomer inclusion into a crystal are of importance.
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Successful attempts based on selective chemical etching of the amorphous phase [53] or
on solid state *C-NMR [54] are known in the literature for the ethylene or propene-based
copolymers. The possible extension of these methods to the family of aliphatic
copolyesters is needed for the advancement of the understanding of isodimorphic
crystallization, given the large variety of known co-crystallizing systems in these

copolymers.

3. Crystallization process at the pseudo-eutectic composition: double crystalline

random copolyesters.

Several random copolyesters exhibit coincident crystallization, manifested by a
single crystallization exotherm upon cooling from the melt followed by double melting
upon subsequent heating. The detailed study of this phenomenon has been performed only
for a few copolymers in the literature, and it will be briefly reviewed below.

The double crystalline nature of isodimorphic random copolymers at intermediate
compositions can be sometime observed only by cooling down to low temperatures or by

varying the cooling rates, which reflect a strongly rate-dependent behavior.

3.1 Kinetic effects

The rate-dependent non-isothermal test is a strategy that has been used [18, 19,
55] in order to obtain more information on the isodimorphic random copolyesters at
intermediate compositions.

In some cases non-isothermal DSC measurements performed at 10 or 20 °C/min
only produce the crystallization of one of the phases. However, Pérez-Camargo et al. [19]
were able to observed clearly the generation of two distinct crystalline phases for the
PBSA copolymers, when high cooling rates (> 20 °C/min) were employed. A similar
behavior was found by Arandia et al. [16] in PBSAz.

Figure 12 shows the comparison of the DSC heating scans for PBSA and PBSAz
after the samples were previously cooled at two different rates (5 and 40 °C/min). The

heating scans were performed at the same heating rate (20 °C/min).
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Figure 12. 50:50 PBSA and 58:42 PBSAz DSC heating scans (employing a heating rate
of 20 °C/min) after having been cooled from the melt at the indicated rates.

Figure 12 shows that after cooling at 5 °C/min, the melting endotherm of the PBA-
rich crystal phase (or PBAz-rich one) are practically negligible. The reason for this
peculiar behavior is that when the cooling rate is slow enough, the PBS-rich phase (the
first one to crystallize upon cooling from the melt phase) will have ample time to develop
spherulites with a relatively high degree of crystallinity [16, 19]. The second component
of the copolymer would have to crystallize in the confined interlamellar spaces of the
PBS-rich crystalline lamellae. However, the topologically constrained amorphous chain
segments are not able to crystallize at the cooling rate of 5 °C/min.

On the other hand, when much faster cooling rates are employed (40 °C/min), the
PBS-rich phase can still crystallize during cooling but up to a lower degree of
crystallinity. For the PBSAz copolymer case, the PBAz component is also able to
crystallize during the fast cooling within the interlamellar regions of the PBS spherulitic
templates, as deduced in Figure 12 by the lack of cold crystallization before melting [16].
In the case of the PBSA copolymer, the PBA-rich crystalline phase does not form during
the cooling at 40 °C/min, but it develops during the subsequent heating scan, as revealed
by the DSC trace, characterized by a prominent cold crystallization peak around -25 °C

(more details can be found in ref. [19]).
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As we mentioned before, in the majority of works a single melting point was
found, however rate-dependent experiments provide an efficient strategy to detect the

formation of two co-existing crystalline phases around the pseudo-eutectic point.
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Figure 13. (a) WAXS diffractograms (at different temperatures) obtained during heating
after cooling the 50:50 PBSA sample at 50 °C/min and (b) DSC heating scans, for a
sample with identical thermal history. The cold-crystallization (C-C) and melting
processes are indicated. The violet shadows as well as red color on the numbers are
employed to highlight the PBA-rich phase thermal events while the blue shadows as well
as blue color on the numbers are used for the corresponding PBS-rich phase. The heating
scans (for both WAXS and DSC) were performed at 10 °C/min. The values indicated on
the right of figure (a) show the temperature at which the patterns were taken. The arrows
indicate the main reflections for PBA (see pattern taken at 10 °C) and PBS (see pattern
taken at 20 °C). Based on ref. [19].

Pérez-Camargo et al. [19] applied different cooling rates (followed by
heating at a constant heating rate) in order to generate different semicrystalline states.
They found that at a cooling rate of 50 °C/min, the crystallization of both PBS and PBA-
rich crystalline phases is inhibited. However, during subsequent heating, the random
copolymer experiences the following sequential processes as temperature increases: (a)
cold crystallization of the PBA-rich phase (b) melting of the PBA-rich crystals and

simultaneous cold crystallization of the PBS-rich phase and (c) melting of the PBS-rich
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crystals. The sequence of crystallization and melting of the two crystalline phases was
followed by synchrotron WAXS/SAXS experiments. Figure 13 shows one illustrative

example.

Another interesting result reported in ref. [19] is that even though PBA
homopolymer crystallizes in the thermodynamically stable « phase (when a thermal
treatment like the one show in ef Figure 13 is applied), once it is copolymerized, the PBA-
rich crystalline phase can only crystallize in the metastable g phase. This is probably a
consequense of the need to accommodate a small amount of PBS co-units in the crystal
lattice. So, the unit cell does not only change its dimensions but also a less stable
polymorph is produced when the PBA-rich phase crystallizes. In related references,
Soccio et al. reported that copolymerization can indeed be used as a strategy to tune

polyesters polymorphic behavior [56, 57].

3.2 Morphology of double-crystalline random aliphatic copolyesters at different

length scales

In cases where the random aliphatic copolyester can produce double crystalline
spherulites, SAXS measurements can be used to probe the lamellar structure developed
in the material. In PBSAz copolymers, the double crystalline samples displayed two
distinct peaks in SAXS profiles. Subsidiary low intensity maxima located a higher g
values can correspond to second or third order reflections, if they are located at scattering
vectors equal to 2 or 3 times the gmax. However, when the scattering peaks have almost
equivalent intensity, they can indicate that the material is constituted by two types of
lamellar stacks with enough density contrast to be able to individually produce small
angle scattering at discrete q values. This remarkable behaviour was found in the case of
PBSAz at intermediate compositions by Arandia et al. [16].

Figure 14a shows SAXS patterns for a series of PBSAz random copolymers and
corresponding homopolymers taken at -30 C after all samples were cooled at a rate at
which the two types of crystalline phases could be developed. Arandia et al. [16] found
that the peak located at lower g values can be assigned to the long period of the PBS
lamellar stacks, whereas the one at higher g values is due to the PBAz-rich phase lamellar
long period. The results were also complemented by WAXS/SAXS measurements as a

function of temperature. However, finding two well defined SAXS peaks that correspond
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to two different lamellar long periods is not a general rule. Pérez-Camargo et al. [19]
found that PBSA double crystalline random copolymers only display a single maximum
in SAXS, as the long periods of the two types of lamellae overlap, due their similar

periodicities.
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Figure 14. (a) SAXS patterns and (b) long spacing as a function of the BAz molar
fraction for PBSAz isodimorphic random copolymer. Based on ref. [16].

Figure 14b shows the long spacing as a function of the BAz molar fraction. The
long period of the PBS-rich crystalline phase increases as BA co-units are incorporated
in the copolymer until the pseudo-eutectic composition is reached. At the pseudo-eutectic
composition two long period values are clearly displayed corresponding to the PBS and
PBAz-rich crystalline phases. There is a sharp change or discontinuity, when the content
of BA comonomer exceeds 60% molar percentage and only the PBA-rich phase can form.
The double-lamellar morphology of these random copolymers is highly dependent on
composition. This will have an important impact on permeation to gases and degradation
properties of the materials.

Arandia et al. [16] were able to study the morphology (by PLOM and AFM) of
the two crystalline phases in the double crystalline random copolymer 45:55 PBSAz.
Figure 15 shows the optical micrographs of the sample at different temperatures and
times, and the formation of double crystalline spherulites can be directly observed.
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Upon cooling from the melt, the PBS-rich phase crystallizes first, forming PBS
spherulitic templates. Figure 15a shows PBS-rich spherulites isothermally crystallized at
35 °C for 38 min. At this temperature, the PBAz-rich phase is in the molten state. If the
sample is held at this temperature for long time, the whole field of view would be filled
with impinged PBS-rich phase spherulites (i.e., radial lamellae), containing two phases
within them: (a) a PBS crystalline phase which include a certain amount of BAz co-units;
(b) an amorphous phase constituted by copolymer chains with BAz and BS repeating
units in the intraspherulitic regions. Figure 16a shows a cartoon that represents in blue
the PBS-rich lamellae within a spherulitic template growing at 35 °C. The amorphous
regions have not been drawn for the sake of clarity, but they are located in between the
crystalline lamellae.

Figures 15b and c¢ show the development of the superstructural morphology, as
the sample observed in Figure 15a is quenched to 8 °C. At this temperature, the PBAz-
rich phase can crystallize very rapidly, together with the remaining PBS-rich amorphous
phase (since the growth rate of the PBS-rich spherulitic templates also increases as T
decreases). Such low temperature also enhances the nucleation and as a result a higher
number of spherulites can be seen. After 2 minutes at 8 °C (Figure 15¢) the microscope
field of view was already filled with impinging mixed spherulites that contain lamellar
crystals of both phases. The double crystalline spherulites can be represented by the
cartoon shown in Figure 16b, where the red lines represent the PBAz-rich crystalline
lamellae formed at 8 °C. The cartoons represented in Figure 16 are based on DSC,
SAXS/WAXS, PLOM and AFM evidences.

It is worth noting that Figure 15d proofs the schematic model of Figure 16, since
when the sample is heated back up to 25 °C, the field of view remains full with PBS-rich

phase spherulites, after the PBAz-rich lamellar crystals are molten at 25 °C.
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Figure 15. Polarized light optical micrographs for the 45:55 PBSAz copolymer: (a) the
sample was cooled from the melt and held at 35 °C for 38 min, (b) micrograph taken after
the sample in part (a) was quenched rapidly from 35 °C down to 8 °C and (c) after 2 min
at 8 °C, and (d) the sample was reheated to 25 °C. Reprinted with permission from
reference [16].
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Figure 16. Schematic (not to scale) model of the superstructural morphology of the 45:55
PBSAz copolymer: (a) when only the PBS-rich phase has crystallized and a PBS-rich
spheulitic template is formed at temperatures above the melting point of the PBAz-rich
phase and (b) after the temperature is reduced so that the PBAz lamellae can formed
within the PBS spherulitic template. PBS-rich lamellae and PBAz-rich lamellae are
represented in blue and red color respectively. Based on ref. [16].
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4. Concluding Remarks

Isodimorphic random aliphatic copolyesters offer a wide range of potential
applications, since they are able to crystallize in all the composition range regardless of
their random distribution of comonomer units along their chains. Moreover, depending
on composition, crystalline phases that resemble one and/or the other parent
homopolymer are obtained. Therefore, the final properties of these materials strongly
depend on composition and thermal history. As a result, these materials are not only
biodegradable, but also their properties, such as, mechanical and barrier properties,
biodegradation rates, among others, can be tailor. In addition, in order to design new
materials for specific purposes, the occurrence of co-crystallization is a parameter to take
into account.

In this feature article, we show that isodimorphism is a complex phenomenon
driven by comonomer partitioning within the crystalline unit cells formed. There are still
many unanswered questions regarding the exact reasons that drive the easiness and extent
of co-units incorporation into a particular crystalline phase. However, some general
criteria, which can be extended for aromatic based copolyesters (since similar behaviours
are expected), can be drawn from the literature that has been reviewed in this contribution.

Several important features are common to isodimorphic aliphatic copolyesters:

(a) They can crystallize in the entire composition range.

(b) These isodimorphic copolymers display a pseudo-eutectic behavior when their
melting points are plotted as a function of composition.

(c) Two crystalline phases are formed in any given isodimorphic A-ran-B random
copolymer, which resembled the crystalline structure of the parent homopolymers. One
of them is constituted by A-rich phase crystals in one side of the eutectic point and the
second by B-rich phase crystals on the other side of the eutectic point.

(d) At the pseudo-eutectic point or pseudo-eutectic region, the two A-rich and B-
rich phases can co-exist and their formation strongly depends on thermal history. In this
case, double crystalline random copolyesters with two melting points are obtained. Their
superstructural morphology is characterized by double crystalline mixed spherulites.

(e) The unit cell dimensions can change in order to accommodate the inclusion of

co-units and these changes can be determined by WAXS experiments.
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The exact composition of the pseudo-eutectic point and the level of comonomer
inclusion and crystallinity degrees obtained cannot be easily predicted by the copolyester
chemical structure and composition. These are important factors that need further study,
especially aimed at quantitatively determine the degree of comonomer inclusion in the

crystalline phases.
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