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A B S T R A C T   

This review compiles a comprehensive analysis of the crystallization behaviour and self-assembly of block co
polymers with up to four potentially crystallizable phases. It covers the recent advances in block copolymer 
crystallization, focusing on several factors that affect the development of crystalline structures: melt strength, 
thermal transitions, cooling conditions, chemical nature, composition, and molecular architectures, such as 
linear, multiblocks, stars, and combs, as well as nanofillers and other additives. Block copolymers with different 
blocks can exhibit double, triple, and tetra crystalline structures. Following the crystallization behaviour of four 
different crystalline phases is very complex and relays on the interplay of the different blocks and the crystal
lization conditions. The self-assembly of four lamellar crystals is a unique structure with featured properties at 
the nanoscale. Depending on the segregation strength, the crystalline morphology can be either driven by phase 
separation resulting from polymer crystallization or set by a microdomain melt structure. Mixed lamellar 
arrangement in 3D spherulitic microscale structures or well-separated crystalline microdomains can be devel
oped. The crystallization phenomena in block copolymers include enhanced nucleation, plasticizing and anti- 
plasticizing effects, fractionation, and soft and hard confinement. The crystallization kinetics is highly influ
enced by the chain dynamics of each block. Star block copolymers exhibit either enhanced or retarded crys
tallization rates depending on block position. Other external compounds, such as plasticizers and nanofillers, 
may enhance the crystallizability of block copolymers.   

1. Introduction 

Polymer crystallization is a complex process [1–6], and it is deter
mined by both thermodynamics and kinetics. The polymer chain has to 
accomplish the minimum thermodynamics requirements, that is to say, 
stereoregularity, the existence of equivalent points within the structure, 
as well as the ability to crystallize during the corresponding time scale. 
In some cases, the polymer architecture, like in copolymers, stars, and 
dendrites, among others, could increase the complexity of polymer 
crystallization. For example, in block copolymers, the presence of a 
chemically different phase could lead to an increase or even suppression 

of the crystallization, all depending on the relation between the crys
talline behaviour of the samples and their transition temperatures 
[7–12]. 

In the case of linear diblock copolymers with only one crystallizable 
block, the crystallization will be affected by the following:  

1. Miscibility in the melt state  
2. The glass transition temperature of the amorphous block  
3. Molecular architecture  
4. The presence of a third component, for example, a nucleating agent, 

filler, or reinforcement. 
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5. The crystallization conditions and the crystallization kinetics of the 
crystallizable block. 

The miscibility in the melt is one of the most influential factors that 
affect the crystallization of copolymers, depending on the relationship 
between the order-disorder transition temperature (TODT), the crystal
lization temperature (especially of the block with the highest crystalli
zation temperature) and the glass transition (of the amorphous block) 
the crystallization could progress within microdomains (MD) or in a 
single phase melt. 

A diblock copolymer system will develop different specific mor
phologies according to five possibilities [12–20]:  

1. Homogeneous melt, TODT < Tc > Tg. In this case, during cooling, the 
crystallization happens before the phase separation, and the amor
phous block is rubbery, so typically, the crystallization occurs 
without restriction, and the amorphous block is trapped between the 
crystalline lamellae. Spherulites of the semi-crystalline block are 
typically observed.  

2. Weakly segregated systems, TODT > Tc > Tg with soft confinement. 
For this system, phase separation happens before crystallization, but 
the strength of the repulsion between phases is low. Also, the 
amorphous block is rubbery, the crystallization process overcomes 
the phase separation, and the block morphology is similar to that 
obtained upon cooling from a homogeneous melt (i.e., spherulites or 
axialites).  

3. Weakly segregated systems, TODT > Tc < Tg with hard confinement. 
For this system, phase separation happens before crystallization, but 
the strength of the repulsion between phases is low. The amorphous 
block is a glassy block; nevertheless, as the segregation strength is 
weak, the crystal growth will break the segregated MDs [21]. This 
phenomenon is called break-out. It occurs because crystallization 
overrides the phase-segregated morphology that existed previously 
in the melt. Once again, crystalline superstructures could be 
observed, like spherulite or axialites, although they may be distorted, 
depending on the segregation strength.  

4. Strongly segregated systems, TODT > Tc > Tg with soft confinement. 
In this case, and when the segregation strength is very high, even 
with a rubbery block, the crystallization will happen inside the MDs. 
No crystalline superstructures like spherulites or axialites will be 
observed as the crystallization occurs confined within the micro 
phase segregated MDs.  

5. Strongly segregated systems, TODT > Tc < Tg with hard confinement. 
In this case, the crystallization will always take place inside the MDs. 

The aforementioned factors influence the crystallization of block 
copolymers with more than one crystallizable block. However, other 
features arise, like the nature of the block that crystallizes first, as well as 
the crystallization conditions and the crystallization kinetics of each 
block. In this case, additional variables contribute to the possibility of 
crystallization of the others blocks present in the copolymer. For 
instance, in some diblock copolymers, employing a slow cooling rate to 
crystallize the first block provides enough time to form nuclei and 
crystallites of this block enhancing the microphase separation due to 
crystallization. As a consequence, the crystallization of the second block 
is accelerated [22]. In addition, not only the crystallization rate but also 
the isothermal crystallization temperature of the first block may also 
have an influence. At higher Tc the segregation of MD due to first-block 
crystallization is more favored, and the domains of the second block 
become larger, enhancing its subsequent crystallization, and increasing 
its crystallization rate [23]. Moreover, crystallization kinetics experi
ments conducted on block copolymers with two or three crystalline 
blocks under different crystallization protocols, have demonstrated that 
the crystallization rate of the blocks is affected by crystallization pro
tocols employed and different effects can be observed such as plasti
cizing, nucleating effect, antiplasticizing and confinement. For instance, 

if the crystallization of the first block creates a rigid confinement and the 
segregation of the MD is favored, the crystallization kinetics of the 
second block can become faster. However, under a soft confinement, the 
crystallization kinetics of the second block can be slowed down [24,25]. 

When more than one block crystallizes, the crystals can form sepa
rately and independently from one another, and their crystalline unit 
cells will be similar to the ones obtained in bulk. In that case, the crys
tallization could be sequential, with two clearly different processes, or 
coincidental, where the crystallization occurs at a similar temperature. 
However, depending on the crystallization temperatures, chemical na
ture, and architecture, among others, blocks could also crystallize in a 
single crystalline phase that is isomorphic or isodimorphic. 

Block copolymer crystallization has been recently reviewed, with 
special emphasis on the morphology and crystalline properties of 
strongly segregated (or confined) linear systems with at least one or two 
crystalline phases [13,16,26–28]. However, the differences in molecular 
architecture, melt miscibility, and the presence of potential 
multi-crystalline phases increases the complexity of the crystallization 
behaviour of these materials. The aim of this work is to review the recent 
literature (from 2017) on the morphology, crystalline properties, and 
crystallization kinetics of block copolymers with multiple crystallizable 
phases, focusing on the interplay of the different blocks, their miscibility 
and architecture as linear, stars and brushes, and the influence of others 
significant factors, such as additives, nucleating agents, end groups or 
templates. The intent is to summarize the typical trends in the crystal
lization process of multi-crystalline block copolymers. 

2. Linear double crystalline ab and aba diblock and triblock 
copolymers 

2.1. Linear double crystalline diblock and triblock copolymers of poly 
(thiophene)s 

The poly(thiophene) family and its copolymers [29–38] represent 
the group of all-conjugated polymers more researched over the past 
decades. Semiconductor/dielectric conjugated polymers are mainly 
destinated to optoelectronic devices such as light-emitting diodes, 
photovoltaic cells, and organic field-effect transistors [30]. The opto
electronic properties are closely related to molecular packing, 
self-assembly, and nanoscale morphology. Thus, controlling the molec
ular stacking, crystallization behaviour, and substrate orientation is of 
major importance. These systems are microphase separated, and their 
properties are tuned as a function of the type of blocks. Fig. 1 describes 
some diblock copolymers based on poly(3-hexylthiophene) (P3HT). The 
P3HT copolymers have been widely investigated because of their high 
charge carrier mobility and excellent solution processability [29–35]. 

Different crystalline assemblies are observed in poly(3- 
hexylthiophene) (P3HT)-b-PEG (P3HT-b-PEG) and P3HT-b-PEG-b- 
P3HT diblock and triblock copolymers when crystalized in a poor sol
vent, such as p-xylene or a good solvent, such as o-dichlorobenzene [29]. 
A vertical and stratified networked microstructure is formed by 
highly-crystalline nanofibrils in the presence of p-xylene. The PEG and 
the P3HT blocks are liquid-liquid phase separated in solution. A mar
ginal solvent like p-xylene is able to induce solution crystallization of 
P3HT chains. The P3HT block is able to phase separate and crystallize 
after aging in the solvent. After P3HT crystallization, a casting step 
induced the crystallization of the PEG block. However, in order to 
crystallize, the PEG block must be at a free end, as in a diblock copol
ymer. The fibrillar structures are a result of the solution crystallization of 
the P3HT chains. Then, when the PEG chains start to crystallize, a sec
ond phase separation takes place and expels the P3HT nanofibrils to the 
thin film surface forming the stratified fibrillar morphology (see Fig. 2a). 
XPS testing demonstrated that the surface layer of the film is enriched 
with sulfur from the P3HT block. 

At the same time, GIXRD measurements confirmed the high crys
tallinity and ordering of the P3HT nanofibrils and the edge-on lamellar 
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growth of the PEG block (i.e., the c-axis of the PEG crystals is parallel to 
the surface). However, if the PEG block cannot crystallize, the P3HT 
nanofibril crystals do not form a networked microstructure and do not 
remain at the surface but are dispersed in the PEG amorphous phase (see 
Fig. 2b). The ability of the PEG block to crystallize is constrained when 
the PEG Mw is too low or when PEG constitutes the middle block in a 
triblock copolymer. Attached to two neighboring rigid P3HT blocks 
prevents the PEG chains from arranging into crystalline lamellar struc
tures. When o-dichlorobenzene is employed, a non-fibrillar morphology 
is formed by the P3HT block as very low crystallinity granules (see 
Fig. 2c). The PEG block crystallization during the spin coating step in
duces this discrete granular morphology for the P3HT block. However, if 
the PEG block is too short or in the middle of a triblock copolymer, 
neither the P3HT nor the PEG phases are able to crystallize, and a 
featureless phase-separated morphology is observed. 

Cui et al. [30] reported the crystallization of all-conjugated rod–rod 
poly(3-hexylthiophene)-b-poly[3-(6-hydroxy)hexylthiophene] 
(P3HT-b-P3HHT) [30]. The assembly behaviour and rod-rod in
teractions were tuned by employing different pure solvents and their 

blends (i.e., methanol/pyridine or chloroform/pyridine). In pure pyri
dine, a double crystalline morphology was found by GIXRD after solvent 
casting the sample if the P3HT-b-P3HHT diblock copolymer ratio is 1:1 
or higher. A schematic representation is described in Fig. 3 (left). The 
solvent is selective for the P3HHT block, which means it is a good sol
vent for P3HHT and a nonsolvent for P3HT. A fibrillar morphology is 
created first by the P3HT block, then, the P3HHT block crystallizes 
during casting. As the length of the P3HT block increases, the rod-rod 
interactions become stronger, and the crystallization of the P3HT 
block is promoted, further driven by the evaporation step. On the con
trary, methanol is a poor solvent for both blocks but poorer for P3HT. In 
a mixed solvent solution with 40:60 methanol/pyridine ratio, both 
blocks crystallized. Finally, chloroform is a solvent selective for the 
P3HT block. In a solvent mixture of chloroform and pyridine, a double 
crystalline morphology is also promoted in 30:70 and 60:40 solutions. 
Evidences of the double crystalline nature are given by the 1D GIXRD 
profiles shown in Fig. 3 (right). 

The Poly(3-hexylthiophene)-b-(polyperylene bisimide) (P3HT-b- 
PPBI) diblock copolymers [31] are phase separated in the molten state, 

Fig. 1. Chemical structure of several P3HT diblock and triblock copolymers. Taken and modified from [30,32,33,39].  

Fig. 2. Different morphological assemblies of P3HT-b-PEG and P3HT-b-PEG-b-P3HT diblock and triblock copolymers. a) PEG5000-b-P3HT50000 b) P3HT50000-b- 
PEG6000-b-P3HT50000, c) PEG5000-b-P3HT8000. Taken and modified from [29]. 

Fig. 3. (left) schematic representation of P3HT-b-P3HHT copolymers in the pyridine solution and solid state. (right) 1D GIXRD profiles. Taken and modified 
from [30]. 
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exhibiting an ordered cylindrical morphology, as confirmed by SAXS. 
The high-order peaks are located at a ratio of 1:√3:2, which is in 
agreement with a hexagonal lattice of cylindrical microdomains (see 
Fig. 4, left). AFM and TEM analysis further confirmed the cylindrical 
arrangement. Since the PPBI content is higher (i.e., 73%), the 
morphology observed corresponded to dark P3HT cylinders inside a 
bright PPBI matrix (see Fig. 4, centre). This morphology prevails after 
the subsequent crystallization of each block on the outside and inside of 
the cylindrical morphology. A confined crystallization of the P3HT 
cylinders took place without disrupting the morphology created in the 
melt. DSC traces exhibited only one crystallization and one melting peak 
at 140 and 222 ◦C, respectively, corresponding to the P3HT block. 
However, WAXS measurements confirmed the subsequent crystalliza
tion of both blocks upon cooling from the melt (see Fig. 4b)., first the 
PPBI block at 180 ◦C and then the P3HT block at 150 ◦C in a confined 
fashion [31]. 

In casted thin films of poly(3-hexylthiophene)-block-poly(3-butylse
lenophene) (P3HT-b-P3BS) diblock copolymers [32], a more complex 
behaviour takes place as these blocks can co-crystallize as a function of 
composition and thermal treatment (i.e., annealing). P3HT and P3BS 
have similar structures (see Fig. 1) that provide enhanced optoelectronic 
properties. At higher P3HT content (63%), only the P3HT block could 
crystallize in the casted films. However, at intermediate compositions 
(P3HT:P3BS = 55:45 and 42:58), both blocks are able to crystallize 
individually. More interestingly, a co-crystallization phenomenon is 
induced in these intermediate diblock copolymers after annealing at 
200 ◦C. Only one diffraction peak of the (010) planes was observed. The 
co-crystals grew with an edge-on orientation. If the annealing temper
ature is further increased up to 230 ◦C, the co-crystallization disappears, 
and independent crystals of both blocks remain. These observations 
were detected by 2D-GIXRD (see Fig. 5). Taking as reference the crys
talline structures of the homopolymers, the 2D-GIXRD analysis exhibi
ted the diffraction peaks of the P3HT form I crystal and P3BS form II 
crystals. In the 55:45 and 42:58 P3HT-b-P3BS diblock copolymers with 
higher P3BS content, both blocks exhibited the diffraction peaks corre
sponding to the individual P3HT crystals and P3BS form II crystals with 

the edge-on orientation [32]. Sequential crystallization takes place after 
phase separation induced by solvent evaporation. The P3BS block 
crystallizes or precipitates first from the toluene solution, as P3BS is less 
soluble in this solvent than P3HT, later, the P3HT block crystallizes. 
After annealing at 200 ◦C, both blocks co-crystalize, and it is possible to 
observe a transition from P3BS form II crystals to form I crystals. 
Interestingly, despite co-crystallization confirmed by 2D-GIXRD, the 
DSC heating scan of the annealed 55:45 and 42:58 P3HT-b-P3BS diblock 
copolymers at 200 ◦C exhibited two melting peaks [32], which is un
expected since co-crystals usually melt in a single peak. 

The P3HT block has also been copolymerized with poly{(N,N′-bis(2- 
octyldecyl)-1,4,5,8-naphthalene-dicarboximide-2,6-diyl]-alt5,5′-(2,2′- 
bithiophene)} [33], referred to as PNDIT2. Both blocks are able to 
crystallize in highly oriented thin film structures by modifying the 
crystallization, orientation, and annealing conditions. Epitaxial crys
tallization induced the formation of crystalline structures with different 
chain orientations. Under this condition, only the P3HT block could 
crystallize, and it did it in a mixture of face-on and edge-on crystals, as 
revealed in electron diffraction patterns. In order to create a preferential 
orientation, a mechanical rubbing is imposed on the samples, and then, 
they are further annealed (See Ref. [33] for further details). 

Interestingly, the mechanically oriented samples were double crys
talline (see Fig. 6), as proven by the electron diffraction patterns that 
show the corresponding reflections of (100) PNDIT2 and (100) P3HT 
planes for each block. The dominant orientation of the crystals was face- 
on the substrate. The crystal orientation can be modified by changing 
the conditions. Increasing the temperature of the mechanical rubbing 
promotes an edge-on orientation of the P3HT crystals while the PNDIT2 
remains face-on. A posterior annealing of the sample induced an edge-on 
configuration of both blocks [33]. 

The orientation and crystallization conditions also induce the poly
morphism of the PNDIT2 block. Increasing the annealing temperature 
(from 100 to 250 ◦C) of epitaxially crystallized samples induces a 
transition from the form I face-on crystals to form II edge-on crystals. 
Similar observations were obtained with an increment of the mechanical 
rubbing temperature. A mix of edge-on and face-on form II PNDIT2 

Fig. 4. SAXS, TEM, AFM, and WAXS measurements of P3HT-b-PPBI diblock copolymer with 72% of PPBI block (P3HT-b-PPBI 1). Taken and modified from [31].  
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crystals was observed when the rubbing temperature employed was 
200 ◦C, and the annealing temperature was 250 ◦C. Furthermore, the 
crystallization of the PNDIT2 block constrained the crystallization of the 
P3HT block, as the lattice of the P3HT crystals substantially expanded. 
The final lamellar morphology is of major importance in tuning the 
charge transport properties [33]. 

The P3HT has also been copolymerized in triblock architectures with 
several other blocks, such as poly(3-butylthiophene) (P3BT), poly(3- 
octylthiophene) (P3OT), or poly(3-dodecylthiophene) (P3DDT) [39]. 
By combining several blocks in an ABC-type triblock copolymer with 
different sequences, the microphase separation, crystallinity, 
co-crystallization, and charge transport properties can be modulated. 
Fig. 7 displays a schematic representation of block arrangement in these 
triblock copolymers [39]. 

These samples were cast from chloroform solutions and annealed at 
150 ◦C. In this way, crystals grew with an edge-on orientation. The 2D- 

Fig. 5. 2D-GIXRD images of the P3HT-b-P3BS diblock copolymers with different HT:BS ratios: a) as cast, b) after annealing at 200 ◦C, and c) after annealing at 
230 ◦C. On the left, schematic representation of the chain packing. Taken and modified from [32]. 

Fig. 6. Electron diffraction patterns of P3HT-b-PNDIT2 diblock copolymer films: a) Epitaxial crystallization, b) mechanical rubbing orientation and c) mechanical 
rubbing orientation with subsequent annealing treatment. d) Plot profiles of the ED patterns. Taken and modified from [33]. 

Fig. 7. Schematic representation of chain arrangement in cocrystals in P3HT 
triblock copolymers. Taken and modified from [39]. 
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GIXRD experiments demonstrated that in these triblock copolymers, the 
blocks were co-crystallized, particularly when chloroform was used. For 
instance, blocks such as P3HT and P3BT are prone to co-crystallize. 
However, if the solvent for casting is changed to trichlorobenzene, 
microphase separation takes place in some copolymers, and the blocks 
cannot co-crystallize due to differences in the solvent affinity of the 
blocks. 

Moreover, the DSC thermal properties of these copolymers, such as 
Tm, Tc, and crystallinity, reduced as the length of the alkyl side chains 
increased, which is a consequence of the increased chain mobility. This 
effect is even more critical if the block with the highest alkyl side chain 
length is located in the centre of the triblock, as it provides more 
mobility to the shortest end blocks. On the contrary, a short alkyl chain 
in the middle block improved the crystallinity, ultimately improving the 
charge carrier mobilities. The annealing conditions may destroy the co- 
crystallized morphology, and phase separation might take place to form 
separated crystals. The ability of co-crystallization or phase separation is 
highly influenced by the architecture of the copolymers and the types of 
blocks. When the two blocks susceptible to co-crystallize are neighbours, 
and the block with the longest alkyl side chain is at the end of the tri
block copolymer, the chain mobility is not sufficiently restricted, and 
therefore, phase separation takes place, and blocks crystallize inde
pendently. On the contrary, if the two blocks that are able to co- 
crystallize are in the end and the middle block has a side chain length 
that is not much longer than the other two end blocks, then the co- 
crystallized structure remains even under strong annealing conditions. 

2.2. Linear double crystalline diblock and triblock copolymers of 
polyethylene (PE) 

Block copolymers containing polyethylene (PE) and other olefins 
have been of great interest over the last decades [40–45]. Being one of 
the most useful polymers, copolymerizing PE with other comonomers 
allows expanding the properties of PE and enlarges its already enormous 
range of applications in different sectors such as packaging, textile, 
aircraft, and automotive. Therefore, the crystallization behaviour of 
block copolymers, including PE and other comonomers such as PS, 
PLLA, PDLA, PEP, PCL, PEO, and PPL [46–59], has been extensively 
investigated over the past decades. More recently, Da Rosa et al. have 
been investigating the crystallization of melt-segregated block co
polymers of PE, particularly in epitaxial crystallization. More recently, 
they have reported new studies on the crystallization of poly
ethylene-b-polypropylene (PE-b-PP) diblock copolymers [40,41,60], in 
which the PP block can be syndiotactic (sPP) or isotactic (iPP). The 
premise is to follow the epitaxial crystallization onto different sub
strates, such as crystals of p-terphenyl (3Ph) and benzoic acid (BA). The 
aim of epitaxial crystallization is to induce a preferential orientation of 
the crystals on a substrate or to promote the crystallization of certain 
polymorphic forms. The double crystalline nature of these block co
polymers has been confirmed by DSC and XRD. A melt-separated 
structure was observed depending on composition. For instance, cylin
drical PE microdomains are observed in an iPP matrix. However, the 
melt structure is weak as it is destroyed by the crystallization of the 
blocks as long as the cooling rate is slow. Both PP and PE can crystallize 
in the same range of temperatures, and the epitaxial crystallization 
drives the phase separation into an alternated lamellar arrangement of 
PE and iPP lamellae in the solid state. But, if the cooling rate is fast, the 
melt structure prevails, and the PE block is forced to crystallize inside 
microdomains. The iPP matrix only developed a mesomorphic form due 
to the quenching [40]. In the BA substrate, a double orientation of iPP 
lamellae and an alignment of PE lamellae were observed. On the other 
hand, in the 3Ph substrate, the crystalline lamellae are highly oriented 
along one direction [41]. Structural nanopatterns can be designed at the 
nanoscale by controlling the crystallization process and the alignment of 
the microdomains. 

Other interesting PE-like block copolymers have been reported by 

Zapsas et al. [61], such as polymethylene-b-poly(vinylidene fluoride) 
(PM-b-PVDF), and Ozawa et al. [62], who studied the crystallization 
behaviour of polyethylene-block-poly(β-propiolactone) (PE-b-PPL). 
These PE-b-PPL diblock copolymers are strongly segregated in the melt 
state, as demonstrated by a lamellar microdomain structure in the 
molten detected by SAXS. The PE and PPL blocks in this block copolymer 
can crystallize sequentially or coincidentally, but in neither case, the 
microdomain lamellar morphology is destroyed. If the crystallization 
takes place simultaneously, this lamellar morphology is highly distorted, 
as revealed by SAXS analysis. However, if the crystallization takes place 
sequentially, that is, first the PE block and then the PPL block, the 
lamellar morphology obtained in the melt was only slightly distorted 
after both blocks crystallized. Which behaviour prevails will depend on 
the crystalline form of the PPL block, that is δ-or β-form, induced during 
the thermal treatment [62]. 

2.3. Linear double crystalline diblock and triblock copolymers of poly 
(lactide), poly (ε-caprolactone) and poly(ethylene oxide) (PEG or PEO) 

PLA, PCL, and PEO are the three most researched biopolymers in 
polymer physics. Because of their outstanding biodegradability and 
biocompatibility properties, these materials are of great interest in 
several sectors, such as biomedical and packaging. However, they are 
usually blended or copolymerized between them and with other poly
mers to enhance their physical, mechanical, and biodegradation 
behaviour and processability. Over the last decades, extensive research 
has been dedicated to the morphology and crystallization behaviour of 
block copolymers composed of PLA [63], PCL [20], and PEO [64] and 
their combinations. Thus, they will be discussed profoundly in the 
following sections. 

It is worth mentioning that because of the enantiomeric character
istics of PLA, their block copolymers englobe the three forms of PLA: 
PLLA, PDLA, and PDLLA. This way, linear block and stereocomplex 
block copolymers can be obtained by combining different monomers. 
This review is mainly focused on block copolymers based on PLLA 
enantiomeric form. However, important research has also been con
ducted on the crystallization behaviour of block copolymers that also 
include PDLA in the structure [65–68]. To give an example, PDLA-PCL 
diblock copolymers have been investigated by Mulchandani et al. [65] 
to assess the effect of the enantiomeric forms of PLA. A cold crystalli
zation event for the PDLA block is also observed in these copolymers. As 
the length of the PDLA block increases, the Tcc becomes higher, and its 
melting enthalpy rises, but the melting enthalpy of the PCL block re
duces. A triblock terpolymer combining PLLA, PDLA, and PCL has also 
been evaluated [65]. The cold crystallization event for the PLLA block is 
less evident. A melting peak at 210 ◦C revealed a sterecomplexation 
phenomenon between the PDLA and the PLLA block, while no melting of 
PLA homocrystals was detected at lower temperatures. The stereo
complex crystallites were confirmed by X-Ray diffraction [65]. Another 
phenomenon, such as fractionated crystallization, has also been re
ported in stereocomplex PEG-b-PLLA-b-PDLA triblock block copolymers 
for the PEG block as a result of the first crystallization of the PLA blocks 
[66]. During a subsequent heating scan, multiple melting peaks for the 
PEG block are observed when the PLA is first crystallized at lower 
temperatures. If the PLA blocks are crystallized at higher temperatures, 
then the multiple melting peaks of the PEG block tend to disappear, and 
only one endotherm is observed. Also, at lower Tc for the PLA blocks, the 
nucleation density of the PLA is higher, smaller spherulites are formed 
that rapidly impinge on one another, and the PEG block is forced to 
crystallize inside the interlamellar regions of PLA spherulites. At higher 
Tc PLA, the subsequent PEG crystallization might also take place inside 
the inter-spherulitic regions of PLA crystals [66]. 
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2.3.1. Crystallization behaviour and crystalline structure of double 
crystalline AB and ABA diblock and triblock copolymers of poly 
(ε-caprolactone) and poly(lactide)s (PLA-b-PCL) 

The PLA-b-PCL diblock copolymers are double crystalline systems 
miscible in the molten state [69,70]. Therefore, the phase separation is 
driven by the crystallization of the PLA block, which crystallizes at a 
higher temperature than the PCL block and templates the morphology of 
the solid state. As melt-miscible systems, the subsequent crystallization 
of the PCL block occurs within the interlamellar regions of the previ
ously formed PLA crystals. Extensive research has been published over 
the last decades regarding PLA-b-PCL diblock copolymers crystallization 
(see Refs. [68–79]). In the present review, the relevant literature pub
lished since 2017 to the present is discussed and resumed. 

For instance, and more recently, the effect of molecular weight of the 
PLLA block in linear PLLA-b-PCL diblock copolymers has been studied 
by Han et al. [68]. In this diblock copolymers, the length of the PCL 
block was kept constant. In PLLA-b-PCL diblock copolymers, as the PLLA 
crystallizes first, its crystallization affects and restricts the subsequent 
crystallization of the PCL block, and the final crystalline structure and 
crystallizability will depend on the block length ratio between the 
blocks. For instance, as the PLLA content increases, the Tc and Tm of the 
PCL block reduce, and the values are lower than in the PCL homopoly
mer. For the PLLA block, the Tm values are higher than in the PLLA 
homopolymer and tend to increase as the PLLA content is higher. 
Interestingly, the PCL crystals formed during cooling can affect the 
subsequent cold crystallization phenomena in the PLLA block. The cold 
crystallization event is only observed when the content of the PLLA 
block is majority (between 57 and 75%). In addition, in the copolymers 
that cold crystallize, that is, with more than 50% of PLLA, the Tcc of the 
PLLA block is lower when the content of PCL is higher. In other words, 
when the PCL content increases from 37 to 43%, the PCL crystallization 
degree also increases, and the Tcc of the PLLA block reduces to 2.5 ◦C. 
Thus, even though the PCL crystals are molten before the cold crystal
lization of the PLLA block, this richer PCL phase might enhance the 
crystallization ability of the PLLA block. In addition, the Tm of the PLLA 
block tends to reduce as the PCL content increases. The molten and 
richer PCL phase might induce a diluting effect over the PLLA crystals, 
increasing the mobility of the molecules and depressing Tm. At very high 
PLLA content (75%), the PCL block is no longer able to crystallize, and 
only the crystallization and melting of the PLLA block are observed. On 
the contrary, if the PLLA content is lower (14%), the PLLA block is the 
one that cannot crystallize and remains amorphous, only the PCL crys
tallization and melting transitions are observed. 

A double melting peak of the PCL block was observed at intermediate 
compositions, while a melt-recrystallization event prior to PLLA melting 
was observed in the richer PLLA copolymers. Regarding the crystallinity, 
the crystallization degree of the PCL block decreases continuously with 
increasing the PLLA content since the previously formed PLLA crystals 
restrict and confine the crystallization of the PCL phase. In the case of 
the PLLA block, the behaviour observed is more complex. As the PLLA 
content rises, the crystallinity degree of the PLLA increases. However, if 
the PLLA content is further increased beyond 63%, the crystallinity 
degree starts to decline. As the length of the PLLA block becomes longer, 
its crystallization ability might be reduced [68]. 

During melt crystallization, the copolymers could form regular and 
banded spherulites depending on the crystallization temperature and 
the block length ratio between the blocks. A morphological transition 
from banding to non-banding was observed at intermediate composi
tions. For instance, at 117 ◦C, which is a temperature at which only the 
PLLA block can crystallize while the PCL block is molten, all the co
polymers form spherulites except that one in which the PLLA content is 
only 14%. In this last case, a non-crystalline structure was observed. In 
rich PCL phase copolymers (60%), the spherulite texture is coarse and 
irregular without a clear Maltese cross. Interestingly, three different 
crystalline morphologies arise when the PLLA content increases beyond 
50%. A regular twisted banded spherulite is observed when PLLA 

content is 75%. It is considered that the minor and molten PCL phase 
induces the PLLA lamellar twisting along the growth direction of the 
lamella. As the PLLA content reduces, the banded structure becomes 
more irregular until no longer banding is observed in diblock polymers 
with 57% of PLLA content (see Fig. 8). In the copolymer with 57% of 
PLLA, continuous lamellar growth along the radius direction is 
observed, and non-ring bands are obtained. The lamellar growth extends 
outward from the centre in a parallel configuration of lamellae and 
branches. If the PLLA content increases up to 75%, a discontinued 
growth of the lamellae along the radius is observed. The repetitive ring 
pattern represents the edge-on and flat-on lamellar twisting in banded 
spherulites. This alternated morphology causes extinction bands 
observed in POM images for banded spherulites. 

The AFM images also revealed morphological differences as the PLLA 
content increased. In the banded spherulites of the block copolymer with 
75% of PLLA, the lamellae are spread out along and deviate from the 
growth direction. The deflection in the growing direction can be 
ascribed to crystalline lamellar twisting. These crystalline aggregates are 
lamellar bundles and not single-layer lamella. It has been reported that 
the origin of the lamellar twisting is an unbalanced surface stress that 
disturbs the regular orientation of the crystalline lamellae. The dis
turbing effect might be caused by a small population of molten PCL 
segments in the amorphous region surrounding the PLLA crystalline 
lamella. As the molten PCL content increases (PLLA block length re
duces), the twist of the PLLA lamellae is avoided [68]. 

The twisting of the PLLA lamellae can be modulated as a function of 
the temperature. For instance, as we have seen, the diblock copolymer 
with 75% of PLLA exhibited banded spherulites when it crystallized at 
117 ◦C. The same morphological behaviour is observed when the crys
tallization temperature is 110 and 100 ◦C. However, if the crystallization 

Fig. 8. Photomicrographs of PLLA–PCL copolymers with 57 and 75% of PLLA 
using a,d) Polarized Light Optical Microscopy (PLOM), b,e) Scanning Electron 
Microscopy (SEM), c,f) Atomic Force Microscopy (AFM). Isothermally crystal
lized at 117 ◦C. Taken and modified from [68]. 
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temperature is increased up to 125 ◦C, no ringed extinction patterns are 
observed. The band spacing and spherulitic growth rate increase 
monotonically with the crystallization temperature until it reaches 
120 ◦C. At temperatures higher than this, banded spherulites are no 
longer observed, and the crystallization rate starts to decline. An in-situ 
band-to-non-band morphological transition can be observed as the 
material is crystallized sequentially in two steps: at 120 ◦C, a tempera
ture at which banded spherulites are formed, and then at 130 ◦C, a 
temperature in which regular spherulites can grow. In this way, the 
spherulite has a banded nucleus and regular spherulitic morphology on 
the edge. The reason behind the disappearance of the banded texture at 
high Tc might be the increased lamellar thickness obtained at higher 
temperatures. A thicker lamella can find more difficult to twist, and a 
larger band spacing is generated. At lower Tc, a thin lamella might twist 
easily, increasing the twisting frequency and reducing the band spacing 
due to the unbalanced stress caused by the faster diffusion rate of the 
PCL segments [68]. 

Regarding the spherulitic growth rate of the PLLA block in the co
polymers, this value decreases as the length of the PLLA block increases 
since the entanglement effect is more significant as the molecular weight 
is higher, hindering the movement of the PLLA segments. On the con
trary, increasing the PCL content improves the crystallization rate of the 
PLLA block because the molten PCL chains act as a diluent, enhancing 
the molecular mobility of the PLLA chain segments [68]. 

Other authors have reported similar block systems with increased 
PLLA block length. However, the focus is put on the crystallization of the 
PCL block after changing the crystalline history of the PLLA block [79]. 
Han et al. followed the PCL crystallization after thermal annealing at 
high (above PLLA melting, 180 ◦C) and low temperatures (with PLLA 
block crystallized, at 80 ◦C) and studied the crystalline morphology. In 
these block copolymers, the length of the PCL blocks is bigger than in the 
PLLA blocks, and in one composition, they are equal. Thus, most co
polymers have a richer PCL phase. Firstly, the copolymers annealed at 
180 ◦C exhibited a cold crystallization process for the PLLA block that 
was not observed when the sample was annealed at 80 ◦C. As expected, 
at 80 ◦C, the PLLA block can crystallize extensively, and therefore, no 
further crystallization takes place during the second heating. As 

expected, the crystallinity of the PLLA block after annealing at 80 ◦C is 
higher than the one obtained after annealing at 180 ◦C since the PLLA 
crystals are formed during the cooling scan and mostly during the cold 
crystallization event taking place in the heating scan. Since that at 
180 ◦C, both PCL and PLLA blocks are molten; it is expected that the 
annealing process at this temperature causes a rejection of the PCL and 
PLLA molten blocks in the amorphous region. The sample is rapidly 
cooled down from 180 ◦C to a temperature where only the PCL block can 
crystallize (30, 35, and 40 ◦C). In this case, the PCL block establishes the 
crystalline structure since no significant crystallization is observed 
during cooling for the PLLA block. 

At very high PCL content (PCL6K-PLLA1K), irregular ordinary PCL 
spherulites are formed. Interestingly, the copolymer with 75% of PCL 
(PCL6K-PLLA2K) exhibited banded spherulites at all Tc. The other co
polymers exhibited a less defined spherulitic structure that became more 
complex and less clear as the PLLA content increased. The crystalline 
morphology according to the block length ratio in PLLA-PCL block co
polymers can be controversial among researchers. However, it might be 
a regular observation that the twisting of the lamellae takes place when 
the block ratio between PCL and PLLA is too large. In this PCL6K- 
PLLA2K, the PCL spherulites exhibited banding due to unequal 
stresses at opposite fold surfaces of PCL lamellae caused by the dangling 
amorphous PLLA block in the PCL lamellae and the very few PLLA 
crystalline stems formed during the rapid cooling. An alternating edge- 
on and flat-on lamellar arrangement occur in ring-banded spherulites 
(see Fig. 9) [79]. 

Measuring the peak-to-valley difference of the banded PCL spheru
lites in the AFM images demonstrated that the lamellar thickness 
increased as the isothermal Tc increased. In addition, a higher degree of 
space filling in the surroundings of the twisted lamellae was observed. 
Similarly to the richer PLLA diblock copolymer discussed earlier, in 
these richer PCL diblock copolymers, the band spacing of the banded 
PCL spherulites tends to increase with Tc. As expected, higher Tc pro
vides more mobility to the PCL segments and the diffusion of the mol
ecules to the crystalline front, increasing the lamellar thickness. A 
thicker lamella restricts the twisting arrangements; consequently, the 
twisting frequency is lower, and band spacing is higher [79]. 

Fig. 9. POM images of PCL-PLLA copolymer spherulites isothermally crystallized at 30, 35, and 40 ∘C after annealing at 180 and 80 ◦C ∘C. Taken and modified 
from [79]. 
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The spherulitic growth rate of these richer PCL diblock copolymers 
also decreases as the content of the PLLA block increases. Unlike the 
richer PLLA diblock copolymers, in this case, the reason behind the 
reduction in the growth rate is the restrictions imposed by the mostly 
amorphous PLLA segments attached to the PCL blocks. In addition, the 
lamellar twisting taking place during the spherulitic growing delays the 
forward growth rate of the lamellae [79]. 

The thermal annealing at 80 ◦C introduces significant morphological 
changes since the PLLA crystals are already formed before the crystal
lization of the PCL block. Again, the PCL block is subsequently crystal
lized at 30, 35, and 40 ◦C. In this case, PCL6K-PLLA1K and PCL6K- 
PLLA2K block copolymers with a richer PCL phase exhibited banded 
spherulites at all Tc (see Fig. 9b). In block copolymers with less PCL 
content (PCL6K-PLLA4K and PCL6K-PLLA6K), only a crystalline 
textured morphology is observed with less birefringence intensity. The 
pre-existing PLLA crystals template the subsequent crystallization of the 
PCL block but also affect the crystalline morphology generated since the 
PLLA amorphous chains and the small-size crystals disturb the growth of 
the PCL lamellae resulting in twisting and banded spherulites. At higher 
PLLA content, the restrictions over PCL crystallization are higher since 
the PCL chains have to crystallize inside the intra-crystalline regions of 
the PLLA crystals formed at 80 ◦C [79]. Under these annealing condi
tions, the band spacing also increases with Tc, and it is smaller than the 
one observed after annealing at 180 ◦C. Since the crystallinity of the 
PLLA block is higher after annealing at 80 ◦C, the greater amount of 
PLLA lamellar templates causes a greater unbalance stress on PCL 
crystallization, and as a result, the twisting frequency is reduced (shorter 
band spacing). The spherulitic growth rate after annealing at 80 ◦C also 
reduced in comparison with the thermal treatment a 180 ◦C. That is a 
consequence of a more frequent twisting process (reduced band spacing) 
that delays the crystallization of the PCL crystalline front [79]. 

2.3.2. Crystallization behaviour and crystalline structure of double 
crystalline AB and ABA diblock and triblock copolymers of poly(lactide) 
and poly(ethylene glycol) (PLA-b-PEG) 

PLA block copolymers with poly(ethylene oxide) (PEO) or poly 
(ethylene glycol) (PEG) are also melt-miscible systems. In PLLA-b-PEG 
diblock and PLLA-b-PEG-b-PLLA triblock copolymers, both blocks are 
potentially crystallizable depending on the cooling conditions and 
thermal treatments but also on the molecular weight of the segments. 
Thus, by adjusting these parameters, the crystalline morphology can be 
intentionally tuned to obtain different properties. For this reason, the 
PLLA-b-PEG system has been extensively researched over the past de
cades [23,80–92]. Under standard dynamic cooling conditions, PEG 
homopolymer crystallizes at around 40 ◦C and melts at temperatures 
around 60 ◦C. When this softer polymer is copolymerized with a more 
rigid one, such as PLLA, the crystallization behaviour of the PEG block is 
modified. Moreover, the crystallization of the PLLA segment is also 
perturbed by the presence of the PEG block. The Tm of the PLLA block is 
far above that of the PEG block. Thus, upon cooling from the melt, the 
PLLA block always crystallizes first, and then the PEG block. As a result, 
the previously formed PLLA crystals might enhance, limit, or restrict the 
crystallization behaviour of the second block. 

Recently, Bao et al. [80] reported the influence of the Mw of the PLLA 
and PEG segments on the crystallization behaviour. As the length of the 
PLLA block increases, the PLLA Tc and Tm become higher, but the PEG Tc 
and Tm are reduced when the copolymer is crystallized under standard 
non-isothermal conditions. These observations indicate that the PLLA 
segment restricts and limits PEG crystallization. By increasing the 
cooling rate, the crystallization of both blocks is delayed, and the crys
tallization peaks appear at lower temperatures. As the crystallization of 
both blocks is interrelated, the effect of the thermal annealing of the 
PLLA block over the PEG crystallization was evaluated. Increasing the 
PLLA annealing temperature from 70 to 110 ◦C enhanced the PEG 
crystallization by shifting its Tc to higher temperatures; also, the effect is 
more notorious as the PLLA segment is larger. 

The PLLA crystals will provide good nucleation sites for the PEG 
block to start to crystallize. However, the overall PEG crystallinity de
gree was reduced with the increment in PLLA Mw. In fact, the melting 
behaviour of the PEG block changed significantly if the PLLA block 
length and the PLLA annealing temperature increased. The heating scans 
reflected the crystallization processes and how the different crystalline 
environments generated in the PLLA phase affected them. A multiple 
melting behaviour was observed for the PEG block, suggesting a possible 
fractionated crystallization. In the case of the PLLA block, the low 
melting peak/shoulder obeyed the melt-recrystallization mechanism 
previously reported for the PLLA [80]. 

On the other hand, WAXS measurements demonstrated that the 
α-form of PLLA crystals was favored after the thermal annealing [80]. 
According to the authors, SAXS measurements indicated a homogeneous 
melt, and the crystalline morphology depended on the PLLA block 
length. However, they reported that at shorter PLLA segments, co
polymers exhibited a lamellar structure, but at higher PLLA content, 
scattering peaks were observed at √3 and √7q*, which were ascribed to 
a hexagonally packed cylindrical structure (see Fig. 10a). This is peculiar 
because it contrasts with the supposedly homogeneous one-phase melt. 

The structures were confirmed by TEM. The annealing of the PLLA 
block promoted a lamellar arrangement of alternated lamellae, as was 
confirmed by SAXS. Increasing the annealing temperature induced a 
better-packed lamellar structure. In almost all copolymers, the subse
quent crystallization of the PEG block did not introduce alteration in the 
crystalline packing previously formed by the PLLA crystals. However, in 
one intermediate composition, a new lamellar arrangement emerged. 
Two separated scattering peaks with comparable intensity appeared (see 
Fig. 10b), indicating two lamellar stacks family coexisting, and the long 
period values demonstrated larger PEG domain size. Clearly, the Mw of 
the blocks and the surrounding environment composed of the PLLA 
block crystals greatly affect the crystallization behaviour of the PEG 
block. 

The crystallization rate in block copolymers is also determined by the 
interrelation between the blocks. The isothermal crystallization kinetics 
of the PEG block was monitored after the prior annealing of the PLLA 
block (with differences in Mw) at different temperatures. In this way, the 
influence of different crystalline environments of the PLLA phase over 
the subsequent PEG crystallization was observed [80]. The PEG block 
was isothermally crystallized at 38 ◦C, while the PLLA block was pre
viously annealed at temperatures higher than PEG Tm, between 70 and 
140 ◦C [80]. Interestingly, if the PLLA segment is short, the PEG block 
crystallization rate is the fastest but almost constant with the annealing 
temperatures. However, if the PLLA block is the larger one, the effects 
become more significant, and the crystallization rate of the PEG block 
rapidly decelerates, with more emphasis at low PLLA annealing tem
peratures. The reason is probably the soft confinement effects caused by 
the larger PLLA crystals, forcing the PEG block to crystallize inside the 
interlamellar nanodomains making it more difficult for PEG to crystal
lize. The overall PEG crystallization kinetics is more favored at higher 
PLLA annealing temperatures [80] (see Fig. 11). 

In double crystalline triblock PLLA-b-PEG-b-PLLA copolymers, the 
high melting peak corresponds to the PLLA crystalline phase, while the 
low melting peak (around 60 ◦C) belongs to the melting of PCL crystals. 
However, the crystallization ability of both blocks will depend on the 
molecular weight of each block since the PLLA blocks located in the 
extremes of the copolymer chain might restrict the crystallization of the 
middle PEG block. Several authors have reported this effect of block 
content on the crystallization behaviour of AB and ABA block co
polymers [81–85]. For instance, in triblock copolymers reported by Li 
et al. [81], if the length of the PLLA block is fixed, the PEG segment only 
can crystallize when its Mw is three times the Mw of the PLLA block. 
Otherwise, the PEG block cannot crystallize upon cooling from the melt 
[81]. As the PLLA block crystalizes first, the PLLA crystals limit the 
crystallization of the middle PEG block inside the interlamellar regions 
of the previously formed PLLA crystals, and phase separation cannot 
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occur. When the PEG content is relatively high, crystallization-driven 
phase separation occurs, and both blocks can crystallize. In these tri
block copolymers, the Tc and Tm of the PLLA block increased as the PLLA 
content (or PLLA block length) was increased [81,83]. Similar results on 
PLLA Tm behaviour have been reported by Wang et al. [82] in ABA 
triblock copolymers based on poly(L-Lactic acid) and methoxy poly
ethylene glycols (MPEG), PLLA-b-MPEG-b-PLLA. In addition, the com
mon cold crystallization process of PLLA is also modified by PEG 
composition in these triblock terpolymers. Particularly, when PEG 
content increases, the Tcc first decreases and then starts to increase [83]. 
The flexible PEG block might increase the mobility of the PLLA first, 
enhancing its crystallization. But longer PEG chains might induce a 
diluent effect over PLLA chains, shifting the Tcc to higher temperatures 
[83]. Also, the double melting peak phenomenon typical of PLLA block 
in copolymers and homopolymers was observed [81]. This behaviour 
has been attributed to polymorphism in PLLA and/or to a 
melt-recrystallization process of the PLLA crystals during heating. 

The crystallization degree achieved is also influenced by the length 
of the blocks [82]. As the content of the PLLA block increases, the 
crystallinity of the middle PEG phase decreases. When the Mw of the 
PLLA segments is very high, the PEG phase remains amorphous, and 
only the PLLA block can crystallize. Similar results have been reported 
by Baimark et al. [86]. The flexible PEG chains are attached to both ends 
of the rigid crystalline PLLA lamellae inside the interlamellar stacks, 
hampering the mobility required in order to crystallize. In analogous AB 
diblock copolymers, the mobility of the PCL chains after PLLA crystal
lization is less hindered since the MPEG segments are free in one end, 
and therefore, the restrictions are less significant, and the crystallization 
ability of the MPEG block is less compromised. For this reason, the 

crystallization degree of the PEG block in the triblock copolymers is 
lower than in the analogous diblock copolymers. If the proportion of the 
PEG phase becomes larger, the PEG segments suffer less restriction from 
the PLLA crystals, and its crystallization is favored [82,83]. Thus, the Tm 
and χc of the PEG block increased. Moreover, the PLLA block length must 
be four times larger in order to inhibit the PEG crystallization [82]. 

Different observations have been reported regarding the PLLA block 
crystallinity in PLLA-b-PEG-b-PLLA triblock copolymers. For instance, 
Yun et al. [83] reported an increase in PLLA χc with higher PEG content 
(shorter PLLA block length). As the PLLA block segments are shorter, 
they gain mobility, and the crystallization is enhanced. On the contrary, 
Wang et al. [82] reported that PLLA crystallinity increases with PLLA Mw 
until some point and after, starts to decrease. As the length of the PLLA 
block rises, PLLA crystallization is also favored by the extra mobility 
provided by the PEG soft segments. However, beyond a critical PLLA Mw 
value, the chain entanglements become important, and the viscosity 
increases, hindering the crystallization process of the PLLA block [82]. It 
is interesting that beyond a critical PLLA Mw value, the PLLA crystal
linity values were slightly larger in the triblock copolymer than in the 
analogous diblock copolymer. The reason behind this behaviour is that 
the PLLA chain entanglements and viscosity are higher in the diblock 
copolymer compared to the triblock copolymer of similar PLLA content, 
in which the PLLA chain length is split in two as they are located at both 
ends. Thus, PLLA segments in the triblock copolymer are more prone to 
crystallize, and the PLLA crystallization degree increases. If the PLLA 
blocks are too short, the highly flexible and larger PEG block in the 
triblock copolymer makes more difficult the ordering of the PLLA chains 
into crystalline structures due to the extra mobility induced, and 
therefore, the PLLA crystallization degree in the triblock is slightly lower 
than in the diblock copolymer [82]. The PLLA Tm value is also reduced if 
the PEG content becomes larger, which is probably caused by a diluent 
effect from the molten PEG segments, reducing the PLLA lamellar 
thickness that can be achieved. If the PEG proportion is too large (i.e., 
five times larger than the PLLA composition), the PLLA block cannot 
crystallize and remains amorphous. On the contrary, if the PLLA block 
length is larger, the PLLA Tm value increases. To sum up, the length of 
the PEG block modifies the crystallization ability of the PLLA block. A 
suitable Mw of the PEG block might improve the crystallization of the 
PLLA block due to the diluent effect that enhances the mobility of PLLA 
chains to some extent. However, if the PEG Mw is too large, the mobility 
of the PLLA block might become so high that the nucleation would be 
difficult, obstructing the crystallization process of the PLLA block [82]. 
The length of the PEG block influenced the equilibrium melting tem
perature of the PLLA block. 

The Tg of the PLLA block also modified and shifted to lower tem
peratures as the PEG content in the ABA triblock copolymer increases 

Fig. 10. SAXS patterns obtained at (a,b) room temperature and at (c) 70 ◦C of PEG-b-PLLA diblock copolymers. Thermal history: (a) the samples were cooled from 
190 ◦C to room temperature directly, (b,c) the samples were cooled to room temperature after the PLLA block crystallized at Tc = 120 ◦C during the two-step 
crystallization process. Taken and modified from [80]. 

Fig. 11. Inverse of Avrami calculated τ0.5 of PEG block in PEG-b-PLLA after 
PLLA block crystallized at various Tc, PLA’s Data extracted from [80]. 
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since longer, and molten PCL segments provide extra mobility to the 
PLLA chains, reducing the temperature at which the glass transition 
takes place. 

The crystallization kinetics of PLLA-b-PEG-b-PLLA triblock co
polymers have been studied by Yun et al. [83]. The slow crystallization 
kinetics of PLLA homopolymers is a well-known fact. However, 
copolymerizing PLLA with a soft block such as PEG contributes to 
enhancing its crystallization kinetics by accelerating it. All the 
PLLA-b-PEG-b-PLLA triblock copolymers exhibited faster crystallization 
kinetics of the PLLA block, and this improvement was more significant 
as the PEG block content increased. However, if the PEG proportion is 
too high (26.2%), a negative effect takes place over PLLA kinetics, and 
the crystallization rate is reduced (see Fig. 12). The reduction of the 
PLLA crystallization time as the PEG content increases obeys the longer 
middle PEG segment that provides extra mobility to the adjacent PLLA 
chains, favoring its crystallization. In addition, shorter PLLA segments 
(PEG content increases) led to more rapid crystallization. However, if 
the PEG block is too large, the PLLA crystallization kinetics become 
slower due to a diluent effect over the PLLA chains [83]. Spherulitic 
growth rate behaviour agreed well with DSC results. PLOM microscopy 
revealed that nucleus density reduced and the spherulite size increased 
after introducing the PEG block [83]. 

The crystallization kinetics of PLLA-b-PEG diblock copolymers under 
non-isothermal conditions have also been monitored through the Fast 
Scanning Calorimetry (FSC) technique. This novel technique emerged in 
order to analyze processing relevant cooling rates properly and to study 
the kinetics of fast transformations and reorganization of metastable 
materials during heating. In polymers, FSC is allowed to investigate 
crystallization kinetics in a wide range of cooling rates and temperatures 
upon fast cooling from the melt or fast heating from the glassy state, 
employing a high degree of supercooling [93,94]. 

Chen et al. [87] evaluated the non-isothermal crystallization 
behaviour of PLLA-b-PEG diblock copolymers and the analogous PEG 
homopolymer employing two cooling methods. In the first method, the 
sample was fast-cooled from the melt at different cooling rates down to 
− 80 ◦C to follow the sequential crystallization of both blocks. In the 
second method, the sample was first fast cooled down to 60 ◦C at a fixed 
cooling rate (2000 K/s) that suppressed PLLA crystallization and then 
was cooled again until − 80 ◦C at different cooling rates to observe the 
crystallization of the PEG block surrounded by a vitreous PLLA phase. 

By employing methodology 1, both blocks were able to crystallize 
sequentially, the PLLA block at 75 ◦C and the PEG block at − 25 ◦C. 
Nevertheless, at very high cooling rates (2000 K/s), the crystallization of 
both blocks was suppressed. In addition, as the cooling rate increases, 
the PEG crystallization peak slightly shifts to lower temperatures 
because the time to crystallize is less (see Fig. 13). In addition, the 
crystallinity of the PEG block after cooling with method 1 is higher than 
the one obtained after employing method 2 [87]. It seems that the 
previously formed PLLA crystals contributed to enhancing the 

subsequent crystallization of the PEG block. It is more difficult for the 
PEG chains to rearrange into ordered crystalline structures, coming from 
the mixed phase that includes an almost vitreous (and rigid) PLLA 
amorphous phase and molten PEG chains. 

2.3.3. Crystallization behaviour and crystalline structure of double 
crystalline AB and ABA diblock and triblock copolymers of poly 
(ε-caprolactone) and poly(ethylene oxide) or poly(ethylene glycol) (PCL-b- 
PEO, PCL-b-PEG) 

The PCL-b-PEO and PCL-b-PEG diblock and triblock copolymers have 
been widely investigated over the past decades [95–112]. As their 
thermal transitions appear at similar temperatures and their solubility 
parameters are comparable, evaluating their crystallization behaviour 
represents a challenge, and different crystallization phenomena can be 
observed, such as sequential and coincident crystallization as a function 
of the Mw of the segments and the crystallization conditions. In general, 
the crystallization of both blocks is conditioned by the following:  

1. The length of the PCL block. As the PCL block length becomes larger, 
the PEO block might not crystallize [96–98].  

2. Symmetry. Double crystalline copolymers are observed in symmetric 
or almost symmetric blocks [97,99].  

3. Crystallization conditions. Quenching from the melt induced the 
crystallization of the PEO block as the crystallization kinetics of the 
PEO block is faster. However, if the sample is slowly cooled at 2 ◦C/ 
min until 50 ◦C and isothermally crystallized at that temperature for 
15 min, the crystallization of the PCL block was promoted, and its 
crystallinity degree increased while the crystallinity of the PEO block 
reduced [97].  

4. Other blocks. Another approach to modifying the crystallinity of the 
PCL block is to include a small amount of L-lactide comonomer to 
reduce the high crystallinity of the PCL block. Le Kim et al. [100] 
synthesized poly(ε-caprolactone-co-lactide)-b-polyethylene glyco
l-b-poly(ε-caprolactone-co-lactide) (PCLL-b-PEG-b-PCLL) for nano
emulsions applications. The authors demonstrated that Tm and ΔHm 

Fig. 12. Top: Inverse of maximum tao and spherulitic growth rate at 100 ◦C 
versus the weight percent of PEG. Graph plotted from data taken of ref [83]. 

Fig. 13. FSC Non-isothermal crystallization curves (a,b) at different cooling 
rates of PEG-b-PLLA in method 1 (a) and method 2 (b). Taken and modified 
from [87]. 
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reduced as the content of L-lactide increased. The presence of the 
L-lactide chains disrupts the chain packaging of the PCL segments. 

As PCL and PEO crystallize and melt in the same temperature range, 
one of the strategies to manipulate the crystallization order in diblock 
copolymers with similar Mw, Tc, and Tm of the blocks is inducing the 
crystallization from a solution through a solvent-casting technique. By 
employing solvents with different solubility parameters, one of the 
blocks crystallizes first, then the other. Brigham et al. [99] employed 
toluene, acetone, and chloroform as solvents to tune the crystallization 
of symmetric PCL-b-PEO diblock copolymers into films. The experi
mental technique used to follow the crystallization during drying was 
FTIR-ATR, and specific bands for the appearance of each block were 
identified. In this way, the crystallization order was determined. 

FTIR-ATR spectra demonstrated that chloroform and acetone pro
vided similar nucleation and crystallization order as the PCL block 
crystallized first in these two solvents. This result is similar to melt- 
crystallized symmetric PCL-b-PEO diblock copolymers. On the con
trary, toluene induced the opposite crystallization order since the PEO 
block crystallized before the PCL block. In fact, the PCL block state was 
mainly amorphous, as the crystalline PCL band did not appear. Different 
solvents allow tuning the nucleation and crystallization sequence due to 
the solubility parameters (δ) differences. The δ value of toluene is closer 
to the δ value of PCL than that of the PEO block. Therefore, PEO becomes 
more insoluble and crystallizes [99]. 

Other slightly soluble solutions in which the copolymer can precip
itate at temperatures slightly below room temperature were used to tune 
the crystallization order of the blocks. ATR-FTIR analysis demonstrated 
that the PCL block crystalizes first in methyl ethyl ketone and ethyl 
formate. On the contrary, the PEO block is the one that crystallizes first 
when ethyl acetate is used, and it does it at a faster rate. Square single 
crystals of PEO and truncated-lozenge, or hexagonal, PCL single crystals, 
were produced accordingly. The crystalline morphology of the double 
crystalline blocks obtained due to crystallization in each solvent is 
observed in Fig. 14. The middle and left images correspond to the sol
vents in which the PCL crystallizes first, and the right ones are those in 
which the PEO crystallizes first. 

The morphological observations demonstrated that the large-scale 

assembly is influenced by several factors, such as the crystallization 
order, preassembly in solution, and competition between solvent− pol
ymer and substrate− polymer interactions. Except for acetone and 
toluene, all the other samples exhibited a polycrystalline morphology 
with birefringent patterns. Ethyl acetate and chloroform were the sol
vents with more capacities for the growing of PCL and PEO crystals, 
respectively. FTIR-ATR demonstrated that both blocks were crystalline. 
In addition, the copolymers grew under an edge-on arrangement, 
although the absence of birefringence in toluene might be related to a 
flat-on growth. In order to remove the solvent effects, the samples were 
melt crystallized, and the PCL blocks always preferred to crystallize first 
[99]. 

The length of the PCL block indeed affects the crystallization order in 
solution-crystallized samples regardless of the solvent employed. In PCL- 
b-PEO diblock copolymers with increased PCL content, Tower et al. [96] 
demonstrated that PCL block crystalizes first, and the minor PEO chains 
provided a diluent effect that is more significant than the ones resulting 
from the solvent employed (e.g., chloroform, toluene, or THF). At larger 
PCL content, the PCL block dominates the crystallization process and is 
more extensive than the PEO block. It took a large undercooling to 
induce the crystallization of the PEO block. Besides chloroform and 
acetone [99], PCL also crystallizes first in THF. However, the interaction 
of the PEO block with the solvent delayed its crystallization and crys
tallinity degree. Additionally, the crystallization temperature had a 
minimal effect on the crystallization ratio since both blocks are able to 
crystallize at the temperatures employed [96]. 

2.3.4. Other linear diblock copolymers containing PLA, PCL, or PEO 
Many other comonomers have been copolymerized with PLA, PCL, 

and PEO, such as poly(butylene adipate) (PBA) [113], poly(γ-butyr
olactone) [114,115], poly(δ-valerolactone) [116], poly(p-dioxanone) 
[117,118], poly(2-isopropyl-2-oxazoline) [119], poly(ethylene brassy
late) [120], poly[oligo(3S-iso-butylmorpholine-2,5-dione)]-diol [121] 
(PIBMD), thioether containing ω-hydroxyacid (TEHA) [122], poly(per
fluorooctylethyl acrylate) (PFA) [123], poly(N-octylglycine) [124], poly 
(hexamethylene 2,5-furandicarboxylate) [125], poly(N-(2-phenylethyl) 
glycine) [126], polymethylene [127], polyethylene [47,48,58,59,128, 
129], poly(1,4-butadiene) [130] polyamide [131] (Pebax) [132], 

Fig. 14. POM images of 10K− 10.3K PEO-b-PCL films prepared from various solvents: (a) acetone, (b) chloroform, (c) toluene, (d) ethyl formate, (e) methyl ethyl 
ketone, and (f) ethyl acetate. Taken from [99]. 
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among others. Most of these systems are miscible in the molten state, but 
some are in the medium or strong melt segregation regimes. However, in 
all cases, the diblock copolymers formed double crystalline structures. 

For instance, in PLLA block copolymers with PBA [113], this block 
crystallized and melted at lower temperatures than the PLLA block. 
Similar to the PLLA-b-PCL and PLLA-b-PEO copolymers. The addition of 
the PBA enhanced the crystallizability of the PLLA block as its cold 
crystallization peak shifted to lower temperatures. Nucleation and 
diffusion processes are improved. Upon cooling from the melt, an 
annealing step was necessary to induce the crystallization of the PLLA 
block due to its slow crystallization kinetics. On the other hand, the 
PLLA phase nucleates the subsequent crystallization of the PBA block, 
shifting its Tc to higher temperatures as PLLA content increases. The 
α-and β-crystal forms of the PBA block were detected. Interestingly, 
these block copolymers exhibited hints of segregation when block 
composition was PLLA-b-PBA 75/25, as distinct domains were observed 
in the amorphous state through PLOM. However, it is not clear if phase 
segregation remained after the crystallization of both blocks [113]. 

The PCL-b-PIBMD diblock copolymers are also partially phase- 
segregated. In the molten state, a bicontinuous spinodal pattern was 
observed by AFM in thin films of the samples (30 nm) [121]. Upon 
crystallization, the PIBMD crystals formed at higher temperatures 
restricted the crystallization of the PCL blocks. If the sample is annealed 
at a temperature where only the PIBMD can crystallize, the extent of 
PIBMD crystallization is so enhanced that the subsequent crystallization 
of the PCL block can be highly suppressed. On the other hand, if the 
sample is quenched to PCL crystallization, the nucleation and growth of 
PIBMD crystals are hindered, allowing the PCL crystals to develop. The 
PIBMD crystals could be formed in a later cold crystallization event. 
Thus, the double crystalline nature can be tuned by modifying the 
crystallization conditions and thermal treatments [121]. In thin films of 
PCL-b-PIBMD diblock copolymers, the solid-state morphology was 
modified from edge-on (or flat-on) lamellae to spinodal-like and fibrillar 
patterns as a function of the thin film thickness and thermal treatment 
[121]. 

Unlike the previous examples, Nojima et al. [123] reported strongly 
segregated block copolymers composed of poly(ethylene glyco
l)-block-poly(perfluorooctylethyl acrylate) (PEG-b-PFA-C8). At the 
molten state, these copolymers exhibited a microphase-separated 
lamellar morphology that was not destroyed upon crystallization of 
the blocks. Therefore, each block is forced to crystallize inside its own 
lamellar phase. However, the extent of the crystallization can be 
modified by changing the crystallization conditions in one step or two 
steps. In one-step crystallization, the sample was rapidly cooled to the 
PEG Tc, and upon cooling, the PFA phase also crystallized. But the PFA 
crystalline phase generated was loosely packed (less ordered), causing a 
weak restriction on PEG crystallization, and as a result, a higher PEG 
crystallinity degree was obtained. However, the crystallization kinetics 
was slower because of the low PEG chain density at the interface. On the 
contrary, in a two-step crystallization, the PFA phase was first crystal
lized until saturation and after the PEG block was crystallized. Under 
this condition, a highly ordered crystalline PFA phase is developed, and 
the phase separation is even more enhanced. Thus, the subsequent PEG 
crystallization is highly restricted inside the long-range lamellar 
morphology, and the PEG crystallinity degree and crystallite size are 
reduced. However, the improvement in the phase segregation contrib
uted to the increase in the crystallization kinetics of the PEG block as the 
density of the PEG chains became higher [123]. 

2.4. Crystallization behaviour and crystalline structure of double 
crystalline AB and ABA diblock and triblock copolymers of poly 
(hydroxybutyrate) family 

P3HBV-b-P3HB-b-P3HBV triblock copolymer, which is a triblock 
copolymer of poly (hydroxybutyrate) (PHB) and a random copolymer of 
poly (hydroxybutyrate-co-valerate) (P3HBV-b-P3HB) has been 

biosynthesized by Nakaoki et al. [133] As synthesized and cast from 
chloroform, this triblock copolymer is double crystalline since two 
endothermic peaks are observed in the DSC 1st heating scan at 60 and 
170 ◦C that corresponded to the melting of the valerate and the butyrate 
crystals. After cooling, no crystallization was detected, but in the sub
sequent heating scan, a cold crystallization event took place at 98 ◦C, 
and then, those crystals melted at 162 ◦C, which is an indication that 
only the butyrate moieties were able to crystallize on heating. The 
analogous diblock copolymer was analyzed for comparison purposes. In 
this case, only the PHB block is crystalized from casting. Moreover, in 
this copolymer, the PHV block did not crystallize either upon cooling or 
heating. Only the PHB block crystallized upon cooling, and it did it 
entirely, as no cold-crystallization phenomenon was observed on sub
sequent heating. Thus, it is possible that the end molten PHVB block 
chains limited the crystallization capacity of the middle PHB block in the 
triblock copolymer during cooling. Therefore, this block can only crys
tallize after heating from the glassy state. In the diblock copolymer, as 
the PHB block is a free end, it is possible to rearrange it in an ordered 
structure [133]. Interestingly, when crystallizing from casting in chlo
roform, a double crystalline triblock copolymer is obtained as the con
tent of the PHBV blocks, in the end, is increased. Thus, the ability of the 
PHV segments to crystallize is influenced by their molecular weight. 
Since these crystals could not be developed upon cooling or heating, the 
authors [133] varied the cooling rate, but not even reducing it down to 
1 ◦C/min these segments could crystallize upon cooling. Only slight 
changes in the subsequent cold-crystallization peak of the PHB block 
were observed due to changes in the cooling rate. These observations 
were confirmed by X-ray diffraction examinations [133]. A double 
crystalline nature has also been detected by Shi et al. [134] using X-ray 
diffraction in PHBV triblock copolymers in which this block is in the 
middle, surrounded by a PEG block at both ends. Again, the length of 
each block will impact the ability to grow crystals. Other authors have 
reported the crystallization behaviour of other PHA block copolymers 
[135]. 

3. Linear multi-crystalline ABC and ABCD multiblock 
terpolymers and quaterpolymers 

Since the last decade, the group of Müller et al. has been deeply 
exploring the nature of multi-crystalline block copolymers with three 
and four different potentially crystallizable blocks [24,25,136–142], 
with special emphasis on the block interplay over crystallization kinetics 
and the superstructural morphology. It represents a new area of 
knowledge that seeks more specialized systems with complex properties 
modulated at the nanoscale. Fig. 15 describes the chemical structures of 
these novel linear ABC and ABCD multiblock copolymers synthesized at 
KAUST by the group of Prof. Nikos Hadjichristidis [143–147]. As the 
number of crystallizing blocks increases, the analysis of the crystalliza
tion behaviour becomes more challenging. Particularly when some 
blocks crystallize and melt in the same range of temperatures or share 
crystallographic diffraction peaks. Thus, identifying the crystallization 
sequence and phases is intricate. 

The tricrystalline nature of complex block copolymers has been 
extensively studied in PEO-b-PCL-b-PLLA triblock terpolymers, with a 
special interest in the superstructural morphology and the crystalliza
tion kinetics of the different blocks [24,25,136,140–142,148]. Each of 
them will affect the crystallization behaviour of the other two and the 
final properties of the system. These terpolymers are melt-miscible, and 
therefore phase segregation is only driven by the subsequent crystalli
zation of each block. In this system, the PLLA block crystallized first and 
formed a spherulitic template at the microscale; then, the PCL block 
crystallized inside this template, and finally, the PEO block, also inside 
the template, as demonstrated by WAXS and DSC experiments. As a 
miscible system, the PCL and PEO blocks had no option but to crystallize 
inside the interlamellar regions of the PLLA crystals. SAXS experiments 
and theoretical simulations, as well as AFM microscopy, clearly 

J.K. Palacios et al.                                                                                                                                                                                                                              



Polymer Testing 121 (2023) 107995

14

demonstrated an alternated/interdigitated lamellar structure in which 
both PCL and PEO lamellae (see Fig. 16) or only one lamella of either 
PCL or PEO had grown randomly in between two lamellae of PLLA 
[136]. Therefore, three different lamellae with different lamellar 
thicknesses coexist and arrange inside the spherulitic morphology. 
Therefore, triple crystalline spherulites of these PEO-b-PCL-b-PLLA tri
block terpolymers can be obtained at the appropriate compositions. 

Moreover, a comprehensive analysis of the crystallization kinetics of 
these tricrystalline systems revealed several complex phenomena. 
Depending on the crystallization conditions and the physical properties 
of the blocks, such as molecular weight, composition, and structure, 
different effects such as plasticization, nucleation, anti-plasticization, 

and confinement might take place that can also determine whether 
one of the blocks can remain fully amorphous or semicrystalline. If the 
PLLA phase is semicrystalline, it might nucleate the crystallization of the 
PEO and PCL blocks, increasing their crystallization kinetics, but if the 
PLLA phase is amorphous, an anti-plasticizing effect prevails that re
duces the crystallization kinetics of the PCL block. On the other hand, 
the molten PEO and PCL phases during PLLA crystallization constituted 
a plasticizer for the PLLA phase, shifting the supercooling needed for 
crystallization to lower temperatures but increasing the overall crys
tallization rate. Finally, the PEO block, being the last block in crystal
lizing after the other two, suffered a hard confinement that reduced its 
crystallization kinetics. These PEO-b-PCL-b-PLLA triblock terpolymers 
were thermally fractionated successfully by the Successive Self- 
Nucleation and Annealing (SSA) technique, which demonstrated being 
a useful tool to thermally separate the three crystalline phases in the 
triblock terpolymer [24]. 

Unlike the PEO-b-PCL-b-PLLA triblock terpolymers, which are 
completely miscible in the melt, other ABC triblock terpolymers might 
exhibit phase segregation due to the immiscibility of one of the blocks. It 
is the case of the PE-b-PEO-b-PCL [137], PE-b-PEO-b-PLLA [138], and 
PE-b-PCL-b-PLLA [138,143] triblock terpolymers synthesized by Ladelta 
et al. [143] and studied by Matxinandiarena et al. [137,138] (see 
Figs. 15 and 16). Including a PE block modified the ordering of the 
molten phase, and a lamellar arrangement was observed by SAXS 
analysis in the four copolymers at 160–170 ◦C, a temperature at which 
all blocks are melted (see Fig. 17). The reason is that PE is not miscible 
with either PEO, PCL, or PLLA because the solubility parameter (δ) of PE 
is very far from that of PEO, PCL, and PLLA (i.e., δPE = 7.9 vs. δPEO = 9.9, 
δPCL = 9.39, δPLLA = 9.79 (cal/cm3)1/2) [91,149]. 

The extent of the phase segregation is not only a reflection of the 
solubility parameters but the block type, molecular weight, and 
composition. In the PE-b-PEO-b-PCL [137] sample, a broad scattering 
peak in the melt is observed in the triblock terpolymer with lower PE 
molecular weight (see Fig. 17a). However, increasing the PE block Mw in 
the terpolymer promotes clear phase segregation in the melt as two 
strong diffraction peaks were detected in the SAXS pattern that denoted 
lamellar and interpenetrated morphologies (see Fig. 17b). On the other 
hand, if the block that increases length and content is the PLLA block, 
which is more miscible with the PEO and PCL middle blocks, then the 
molten phase becomes less segregated (see Fig. 17c vs. Fig. 17d) [138]. 
That is probably due to a diluent effect caused by the PLLA phase. 

However, these systems are only weakly segregated since the phase 
structure in the melt undergoes a break-out process by the subsequent 
crystallization of the blocks and is substituted by a new crystalline 
lamellar arrangement in the solid phase, as detected by SAXS (see Fig. 17 
at 30 ◦C). The scattering peaks disappeared or shifted to lower q values. 
Moreover, the triple crystalline structure of these terpolymers was 
confirmed by DSC and WAXS. In the PE-b-PEO-b-PCL [137] samples, 
both experiments demonstrated that the PE block crystallized first, and 

Fig. 15. Chemical structure of triblock terpolymers and tetrablock quaterpolymers.  

Fig. 16. Description of triple crystalline PEO-b-PCL-b-PLLA triblock terpolymer 
by a) DSC, b) WAXS, c) PLOM micrograph showing spherulitic morphology, d) 
AFM microscopy, dotted lines indicated the PLLA (red), PCL (green) and PEO 
(blue) interdigitated lamellae, and e) Schematic representation of the inter
lamellar assembly. Taken and modified from [24,136].[24,136]. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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then the PCL and PEO block crystallized very close to each other since 
both blocks crystallized and melted at similar temperatures. On the 
other hand, if a PLLA block is incorporated into the terpolymer, as in 
PE-b-PCL-b-PLLA and PE-b-PEO-b-PLLA samples [138], the blocks that 
crystallize in the same range of temperatures are the PE and the PLLA. 

WAXS analysis is a useful technique to elucidate the crystallization 
and melting order of the blocks when these transitions overlap or take 
place very closely. For instance, WAXS measurements taken on cooling 
demonstrated for the copolymer with PE, PEO, PLLA, and PCL blocks the 
following trends:  

• PE-b-PEO-b-PCL triblock terpolymers [137], the PE block crystallized 
first, and then, the PCL block crystalized some degrees before the 
PEO block (see Fig. 18a) 

• In the case of the PE-b-PEO-b-PLLA sample, the PE block also crys
tallized first and before the PLLA block, and finally, the PEO block 
(see Fig. 18b).  

• In the PE-b-PCL-b-PLLA terpolymer, the PE block also crystallized 
before the PLLA block. But, if the cooling rate is reduced as low as 
1 ◦C/min, the crystallization sequence is modified, and the PLLA 
block had the ability to crystallize first and before the PE block. Thus, 
the crystallization order can be reversed by modifying the cooling 
conditions (see Fig. 18c vs. d) [138]. Because its slow crystallization 
kinetics, a very low cooling rate allowed the PLLA block to start 
developing its crystallization at a higher temperature. It can be seen 
in Fig. 18d that both PLLA and PE blocks crystallized simultaneously 
over a range of temperatures [138]. 
The WAXS analysis allows correctly assigning the crystallization 

peaks observed during the DSC scans upon cooling from melt (see 
Fig. 18). Particularly, Fig. 19 shows the crystallization sequence of the 
blocks and how reducing the cooling rate can induce a reversion in the 
crystallization order. Special mention has the analogous PE-b-PEO 
diblock copolymer. In this double crystalline copolymer, the PE block is 
crystallized in several steps in a fractionated manner when the PE con
tent is the lowest [137]. If the length and content of the PE block are 
increased, this block is crystalized in a unique sharp peak at a higher 
temperature. In addition, in the terpolymer, the PE block started to 
crystallize from a segregated melt, which enhanced this block’s crys
tallization ability. As a result, the crystallization degree of the PE block 
also improved. 

The order of the crystallization will define the superstructural 
morphology of the terpolymers; for example, in the PEO-b-PCL-b-PLLA 
triblock terpolymers, the PLLA block crystallizes first and templates the 
subsequent crystallization of the other two blocks with clear changes in 
birefringence. However, such changes are not well-defined in the ter
polymers with a PE block (i.e., PE-b-PEO-b-PCL [137], PE-b-PCL-b-PLLA, 
and PE-b-PEO-b-PLLA). In PE-b-PEO-b-PCL [137] terpolymer, the block 
that crystallized first, the PE block, developed very small and barely 
observed spherulites (see Fig. 20a). The subsequent crystallization of the 
other PCL and PEO blocks was also hardly noticeable. However, 
following the changes in the light intensity during the cooling scan gave 
evidence of the crystallization events taking place. When each block 
started crystallizing, a significant increment in the light intensity was 
observed at specific temperatures. Those temperatures agreed well with 

Fig. 17. SAXS patterns of a) PE22
7.1-b-PEO46

15.1-b-PCL32
10.4, b) PE37

9.5-b-PEO34
8.8-b- 

PCL29
7.6, c) PE21

2.6-b-PEO32
4.0-b-PLLA47

5.9 d) PE21
7.1-b-PCL12

4.2-b-PLLA67
23 triblock ter

polymers taken during cooling from the melt at different temperatures. Taken 
and modified from [137,138]. 

Fig. 18. WAXS patterns of triple crystalline a) PE37
9.5-b-PEO34

8.8-b-PCL29
7.6 (Cooling 

rate: 20 ◦C.min− 1) b) PE21
2.6-b-PEO32

4.0-b-PLLA47
5.9 (Cooling rate: 20 ◦C.min− 1) c) 

PE21
7.1-b-PCL12

4.2-b- PLLA67
23 (Cooling rate: 20 ◦C.min− 1) d) PE21

7.1-b-PCL12
4.2-b- 

PLLA67
23 (Cooling rate: 1 ◦C.min− 1) triblock terpolymers taken during cooling 

from the melt at different temperatures. Taken and modified from [137,138]. 
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the crystallization ranges observed by DSC and WAXS analysis. 
In the PE-b-PCL-b-PLLA terpolymer, the first crystallized block is the 

one that determines the entire morphology. For instance, at high cooling 
rates (i.e., 20 ◦C/min), the PE block crystallized and formed very small 
spherulites (see Fig. 20b), as expected. However, if the cooling rate is 
reduced to 1 ◦C/min, the PLLA block is the one that templates the 
morphology, and very large negative spherulites, with lamellae radially 
growing, are developed (see Fig. 20c). However, because of the low 
content of the PE and PCL blocks, it is very difficult to detect morpho
logical changes by optical microscopy as the subsequent crystallization 
of the other blocks takes place. Nevertheless, in all these terpolymers, as 
being only weakly segregated, the first block creates the superstructural 
morphology inside which the other two blocks are forced to crystallize. 

Adding a fourth block raises the intricacy of block copolymer crys
tallization to a higher level. The complexity of having four blocks with 
the potential ability to crystallize independently lies on the interplay of 
different thermodynamic factors since each block’s miscibility and 
crystallization kinetics will influence the crystallizability of the other 
three blocks. Ladelta et al. [144] synthesized for the first time an ABCD 
tetrablock quaterpolymer with four crystalline phases composed of PE, 
PEO, PCL, and PLA (PE-b-PEO-b-PCL-b-PLLA) (see Fig. 15). DSC analysis 
performed at 10 ◦C/min revealed the crystallization phenomena of all 
phases. The PEO and PCL blocks melted very close to each other, near 
60 ◦C, as expected. Then, two small endothermic peaks attributed to the 
melting of the PE and the PLLA block crystals were observed in the high 
temperature melting range. To favor PLA crystallization, an annealing 
treatment and a slow cooling rate (1 ◦C/min) were required. The exis
tence of the four crystalline phases was observed by XRD at room tem
perature, although it was not simple to identify them since many 
crystallographic planes of the blocks overlap with each other [144]. 

These particular tetrablock quaterpolymers exhibit a fascinating 
melt structure due to the differences in melt miscibility between the 
different blocks [139]. It is well reported that PLLA, PEO, and PCL 
blocks are miscible in the melt (see refs. in Ref. [24]). However, when PE 
is included in these block copolymers, phase segregation could take 
place due to the intrinsic immiscibility of PE with polar blocks. SAXS 
experiments in the molten state confirmed a lamellar arrangement of the 
different phases in these ABCD quaterpolymers. However, the phase 
segregation was only observed when the length of the PE block was long 
enough (i.e., 9.500 g/mol) (see Fig. 21a, Q2 quaterpolymer sample). A 
sharp diffraction peak at low q values and a weaker second-order 
reflection at 2q were observed at 180 ◦C, a temperature at which all 
blocks are molten. These tetrablock quaterpolymers are only weakly 
segregated, as the molten lamellar structure is destroyed as the crys
tallization of the blocks takes place. At 25 ◦C, the crystalline lamellar 
arrangement scattered X-rays at lower q values. As each block contrib
utes to the segregation strength, phase segregation depends on the 
composition and molecular weight of each block. 

These complex and novel block copolymers are tetracrystalline (see 
Fig. 21b and c). The four blocks have the potential to crystallize, given 
that composition, molecular weight, and cooling conditions are 
correctly tuned. Despite that many diffraction peaks of the blocks 
overlap, WAXS experiments confirmed the crystallization sequence 
upon cooling from the melt: first the PLLA block, then the PE, later the 
PCL, and finally the PEO block [139]. Moreover, each block crystallized 
independently (see Fig. 21b and c). Interestingly, in one of the qua
terpolymers, the PLLA was unable to crystallize, while the other three 
blocks did. Although the PLLA content and molecular weight in both 
quaterpolymers were similar, evidence of PLLA crystallization was not 
observed by both DSC and WAXS analysis in one of them. The reason 
behind this behaviour lies in the tacticity differences between the PLLA 
blocks in both quaterpolymers. 

A low isotacticity of the PLLA block hinders the crystallization ability 
of the PLLA chains. Thus, not only content and molecular weight in
fluence the crystallization behaviour, but also other factors such as the 

Fig. 19. DSC cooling and heating scans of triple crystalline PE-b-PEO-b PCL, 
PE-b-PEO-b-PLLA, and PE-b-PCL-b-PLLA triblock terpolymers and analogous 
double crystalline diblock copolymers. A) PE37

9.5-b-PEO34
8.8-b-PCL29

7.6 (Cooling 
rate: 20 ◦C.min− 1), b) PE21

2.6-b-PEO32
4.0-b-PLLA47

5.9 (Cooling and heating rate: 1 ◦C. 
min− 1), c) PE21

7.1-b-PCL12
4.2-b-PLLA67

23 (Cooling rate: 20 ◦C.min− 1), d) PE21
7.1-b- 

PCL12
4.2-b-PLLA67

23 (Cooling and heating rate:1 ◦C.min− 1). Taken and modified 
from [137,138]. 

Fig. 20. PLOM micrographs of PE-b-PEO-b PCL and PE-b-PCL-b-PLLA triple crystalline triblock terpolymers. Taken and modified from [137,138].  
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block nature. The morphology of these quaterpolymers is defined by 
small spherulitic structures observed by PLOM, in which sequential 
changes in light, brightness, and birefringence patterns take place and 
give evidence of the sequential crystallization events of each block. In 
Fig. 21d, PLLA has been isothermally crystallized to promote larger 
spherulites. The subsequent crystallization of the other three blocks is 
clearly observed through the change in the intensity of the transmitted 
light and birefringence (see Fig. 21e). Fig. 21e shows the unique 
morphology of tetracrystalline spherulites composed of four different 
crystal types, which still keeps a high level of superstructural order as 
indicated by the clear Maltese Crosses in the impinged negative spher
ulites and the presence of banding. However, following the crystalliza
tion behaviour is quite complicated since the crystallization events of 
the PLLA and PE overlap, as well as those of the PCL and PEO, since the 
crystallization range temperatures are similar. Additional nano
indentation experiments revealed that inferior mechanical properties 
(storage modulus and hardness values) were observed in the qua
terpolymer with a smaller fraction of PE and PLLA crystals, as expected 
[139]. 

4. Other architectures: stars, combs, multiblock, and segmented 
block copolymers 

4.1. Star, comb, and miktoarm double crystalline diblock copolymers 

Highly branched star, comb, and star-comb scPCL-b-PLLA diblock 
copolymers have been investigated by Leng et al. [150] Analogous linear 
PCL-b-PLLA diblock copolymers were also synthesized for comparison 
purposes. The copolymers were synthesized by sequential copolymeri
zation of CL and L-LA monomers, and the content of the PCL block in 

scPCL-b-PLLA diblock copolymers were 28, 40, 50, and 73%. Fig. 22 
describes the architecture of these diblock copolymers. 

The crystallization behaviour is highly affected by the composition of 
the blocks in the star comb copolymer. As the length of the PCL block 
became longer than PLLA, the Tm and ΔHm values of the PCL block also 
increased. On the contrary, the thermal properties of the PLLA block did 
not follow a clear tendency with PLLA composition. The PLLA block 
tends to crystallize to a larger extent when the composition is near 
50:50; the molten PCL phase in the diblock causes a diluent effect on the 
PLLA crystallization, providing extra mobility and flexibility to the PLLA 
chains, enhancing their capacity to crystallize. However, if the length of 
the PLLA block is too large, this block did not crystallize, possibly due to 
the slow crystallization kinetics of the PLLA, particularly at large Mw. 

Similar to linear diblock copolymers, in these scPCL-b-PLLA, a rapid 
cooling from melt hinders the crystallization of the PLLA block due to its 
slow crystallization kinetics, as confirmed by WAXS analysis. However, 
if the sample is previously isothermally crystallized at 110 ◦C for 2 h, at 
this temperature, the PCL block is molten, but the PLLA block can 
crystallize extensively. Since these are melt-miscible diblock co
polymers, the PCL block has no other option than to crystallize inside the 
interlamellar regions of the PLLA crystals during the subsequent cooling 
from the isothermal step. Therefore, the previously formed PLLA crystals 
template the crystallization for the second block. If the PCL content is 
too small (28%) (PCL block length too short), WAXS analysis confirmed 
that this block could not crystallize. Increasing the PCL content 
enhanced the crystallization of the PCL block [150]. 

To establish the influence of the molecular architecture, linear, star, 
linear comb, and star comb PLLA-b-PCL diblock copolymers with similar 
compositions were analyzed. From DSC analysis, it is clear that the PCL 
phase highly improves the crystallization ability of the PLLA block in the 

Fig. 21. Description of tetra crystalline PE-b-PEO-b-PCL-b-PLLA tetrablock quaterpolymers by a) SAXS, b) DSC, c) WAXS, and d) and e) PLOM microscopy. PLOM 
micrographs showing the spherulitic morphology and the change in birefringence. Taken and modified from [139]. 
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star and linear comb configurations. The crystallinity of the PCL block is 
also improved. In these copolymers, the PLLA block is at the extreme of 
the branches. Compared to linear, the star and linear comb shape con
figurations have more end groups and provide larger free volume that 
increases the flexibility and mobility of the polymer chains. In the 
scPLLA-b-PCL diblock copolymer, the more complex topological archi
tecture of the star comb configuration restricted the crystallization of 
both blocks to some extent. WAXS analysis of melt crystallized samples 
confirmed the DSC results. Both blocks crystallized in the star and linear 
comb configurations, while in the linear and star comb architectures, the 
PLLA block remained amorphous due to topological constraints. A 
spherulitic morphology templated by the PLLA block is observed in most 
copolymers, with a characteristic birefringence change due to subse
quent PCL crystallization along the previously formed PLLA crystals 
[150]. 

Four-armed star PLLA-b-PCL diblock copolymers with increasing 
PLLA content were double crystalline [151]. However, WAXS analysis 
demonstrated that the crystallization form of the PLLA block differs with 
PLLA content. For instance, in block copolymers with a lower PLLA 
content, this block forms α-or δ-form crystallites, while at higher PLLA 
content, the dominant crystalline form is the α-form. As the PLLA con
tent increases, the PLLA crystallinity determined by WAXS increases 
while that of the PCL block reduces. However, for low PLLA contents, 
this block cannot crystallize, and only the PCL crystallites are observed. 
The thermal properties (Tm, ΔHm) of PLLA and PCL blocks in the star 
copolymers decreased with decreasing the content (molecular weights) 
of PLLA and PCL blocks, respectively. Thus, the molecular weight of 
each block determines the crystalline lamellar thickness. Compared to 
star-shaped PLLA homopolymer that cannot crystallize, the improve
ment of the PCL chains over the PLLA crystallization is again demon
strated [151]. 

Isothermal crystallization kinetics experiments demonstrated that 
the content of the PLLA block (block length) in those star copolymers in 
which the PLLA block can crystallize does not significantly influence the 
crystallization rate. The Avrami index n was close to 3 for all the samples 
[151]. Crosslinking of the star block copolymers by diisocyanate was 
conducted to create a network to improve the toughness of the material. 
However, the crosslinking reactions disturb the crystallization ability of 
the star diblock copolymers, and the crystallinity reduces. Only the PCL 
block remained crystalline after crosslinking. That is a result of the 
higher segmental mobility of PCL. This behaviour was confirmed by 
WAXS and DSC analysis [151]. The ΔHm values for PCL and PLLA blocks 
were higher before crosslinking than after. Crosslinking also alters the 
crystallization kinetics as the Avrami index values are reduced, and only 
poor crystalline superstructures are obtained [151]. 

Star and miktoarm block-shaped diblock copolymers were also 

evaluated by Yan et al. [152] (see Fig. 23). In star block copolymers, the 
crystallization of the PCL block is highly reduced. However, in the 
miktoarm architecture, the crystallization behaviour of PCL is enhanced, 
as measured by DSC. In the star configuration, the PCL block is in the 
middle, and the PLLA block is in the extreme, with enough flexibility and 
molecular mobility to rearrange crystalline structures. This configura
tion might cause restrictions over the middle PCL block and limit its 
crystallization. 

However, in the miktoarm configuration, the PCL and PLLA blocks 
are linked to the macroinitiator directly and independently. As a 
consequence, the PCL block crystallization became easier, and both 
crystallization peaks for the PCL and PLLA segment were observed in the 
DSC cooling scan. The melting peak of the PLLA block also became 
wider. The WAXS analysis confirmed the DSC results. Very weak peaks 
for PCL crystals were observed in the star-shaped copolymers. Never
theless, the intensity of the PCL peaks in the miktoarm copolymer 
increased. When the crystalline polymer chains are connected at the 
same point (miktoarm copolymers), each segment can crystallize freely 
and maintain the original crystal conformation. On the contrary, in the 
star copolymer, the outer PLLA block segment will restrict the mobility 
and crystallizability of the inner PCL block [152]. 

Xiang et al. [153] also evaluated the crystallization of the PLLA block 
in 4 star block copolymers of PLLA and PEG, with two PLLA ends 
confined and high PLLA content. Upon cooling from the melt at different 
cooling rates, the PLLA Tc and ΔHc increased as the cooling rate 
decreased since slower rates provide more time for the polymer chains to 
arrange into crystalline structures. This behaviour is similar to the one 
observed in linear architectures. However, the values are lower than the 
ones obtained in the analogous linear copolymers. Unlike the 
PLLA-b-PCL star copolymers reported by Leng et al. [150], in this case, 
the branch structures in the PLLA-b-PEG star copolymers increased the 
steric hindrance and viscosity, disturbing the PLLA crystallization. This 
effect became even more significant when the PLLA block was joined to 
the macroinitiator at one end and the PEG block at the other, restricting 
the PLLA mobility. This indicates that the crystallization behaviour is 
not only a reflection of the molecular architecture, and other factors 
such as cooling conditions and Mw should be considered. On the con
trary, PLLA Tm and ΔHm remained similar in all star copolymers, and the 
values diminished as the cooling rate increases. 

Star block copolymers based on both PEO and PCL are reported by 
Wei et al. [154] In these copolymers, the PEO block is joined on one end 
to the macroinitiator and on the other end to the PCL block. Both blocks 
crystallized coincidentally due to their symmetrical composition. These 
star copolymers exhibited lower Tm, Tc, and crystallinity compared to 
the linear versions. Very interesting morphologies were developed in 
solution-cast films by a slow evaporative crystallization procedure. The 

Fig. 22. Schematic representation of the architecture of the PCL-b-PLLA diblock copolymers. The branches in all copolymers are formed by a PCL-b-PLLA diblock 
structure (PCL block is light blue and PLLA block is light orange). Taken and modified from [150]. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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micro-scale structure was composed of well-defined ring-banded 
concentric spherulites with a characteristic Maltese cross extinction 
pattern, as previously reported in linear counterparts with symmetrical 
compositions. The PCL block dominated the morphology as it started 
crystallizing first and controlled the periodic growth [154]. 

These star copolymers had also been synthesized in a miktoarm ar
chitecture, and the crystallization behaviour has been analyzed by 
Zhang et al. [155] Moreover, comparisons with analogous linear co
polymers have been established. Similar to star copolymers reported by 
Wei et al. [154], these PCL-b-PEG miktoarm copolymers also exhibited 
lower Tm and Tc. In this case, the core of the miktoarm star polymer 
might hinder their crystallization. Increasing the length of blocks 
favored the crystallization and produced an increment Tm values. 

By comparing these works, we can acknowledge the effect of the 
molecular architecture: star block [154] vs. miktoarm star block [155] 
on the thermal properties of copolymers containing PCL and PEO/PEG 
blocks. Having a similar molecular weight of both blocks (around 
2.0–2.7K) in both star copolymers, it is clear that the miktoarm 
configuration enhances the crystallization as the Tm of PCL and PEG 
blocks were 50.9–55.7 ◦C and 46.7 ◦C, respectively [155]. While in the 
star block architecture, these values were lower, the Tm of PCL and PEO 
blocks were 42.7 and 39.8 ◦C [154], respectively. In this last one, the 
PEO block is joined at one end to the macroinitiator core and the other to 
the PCL block. Thus, its crystallization is, to some extent, more limited 
than in the miktoarm configuration, in which the PEG block is freely 
jointed in one of its ends. In addition, other miktoarm star block co
polymers are composed of PCL and PDMS, and the crystallization 
behaviour is similar to the aforementioned copolymers. As the PCL 
content increases, the crystallization of the PDMS block (which crys
tallizes after) is reduced [156]. Similar results are recently reported by 
María et al. [157] in miktoarm copolymers containing PEO and PVDF. 
The star arms crystallized faster than the analogous precursors. In 
addition, the PVDF phase exhibited polymorphism in the precursors but 
an exclusive β crystalline phase in the miktoarm copolymer [157]. 

Besides stars, brush or comb constitute another interesting archi
tecture in block copolymers. Nikovia et al. [158] reported statistic/block 
brush copolymers consisting of a polynorbornene (PNBE) backbone with 
PLLA and PCL side chains. The arrangement of these side chains can be a 
brush or statistic (see Fig. 24e and f). Both PLLA and PCL formed in
dependent crystalline lamellar phases in the symmetrical composition. 
However, if the PCL content is reduced to 20%, its crystallization is 
suppressed regardless of the molecular architecture. That is a similar 
tendency to linear and star PLLA-b-PCL copolymers with low PCL con
tent (e.g., 25% [68], 28% [150]), in which, in neither case, the PCL was 
able to crystallize. Likewise, the statistic and brush copolymers 

exhibited lower Tm and Tc than the analogous macromonomers. 
The macromolecular architecture affected the crystallization 

behaviour. For instance, the PLLA block, usually characterized by a slow 
crystallization, could only cold-crystallize in the statistical copolymer. 
However, in the brush copolymer, this block crystallized upon cooling 

Fig. 23. Synthetic strategy (A) and route (B) of star, star-block, and miktoarm star diblock copolymers. Taken and modified from [152].  

Fig. 24. a) PLOM image of banded spherulites of the symmetrical brush 
copolymer taken under isothermal conditions at 393 K. Only PLLA can crys
tallize, b) subsequent crystallization of the PCL phase in the symmetrical sta
tistical copolymer. Birefringence change. Schematic representation of 
molecular architecture e) statistics, f) brush, g) Temperature dependence of the 
inverse long period from SAXS analysis. (Right) Taken and modified 
from [158]. 
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from the melt. Interestingly, the PLLA isothermal crystallization rate 
was faster and the PLLA lamellar thickness was larger, particularly in the 
symmetrical 50-50 PLLA-b-PCL statistic copolymers (see Fig. 24g (closed 
red squares)), in comparison to the analogous PLLA-b-PCL brush 
copolymer of the same composition (open red squares). On the contrary, 
the PLLA lamellar dimension in the brush copolymer was similar 
regardless of composition. Being melt-miscible copolymers, the PLLA 
phase templates the morphology, and a significant change in the 
brightness accounted for the subsequent crystallization of the PCL phase 
inside the previously formed PLLA crystals. Clear PLLA banded spher
ulites were formed in the symmetrical brush copolymer (see Fig. 24 a-d). 

4.2. Multiblock and segmented block copolymers 

Unlike strictly linear double crystalline AB diblock copolymers, the 
crystallization behaviour in multiblock copolymers might be hampered 
in one of the phases [159,160]. For instance, PLLA-b-PCL diblock co
polymers have been extensively reported as a double crystalline system, 
in which the initial crystallization of PLLA templates the subsequent 
crystallization of the PCL block, and the morphology remained unal
tered. However, Jeon et al. [160] have reported PLLA-mb-PCL multi
block or segmented copolymers in which only PLLA block achieved 
some crystallization. Even at very high PCL content, this block could not 
crystallize, which means that composition is only one of the factors to be 
tuned in order to obtain a double crystalline nature. This section will 
focus only on multiblock copolymers with a double crystalline nature. 

4.2.1. PBS based multiblock copolymers 
PBS is one of the most promising biodegradable aliphatic polyesters 

due to its advantageous thermal and mechanical properties, similar to a 
commodity polymer like polyethylene. However, it lacks good impact 
resistance, and its high crystallinity limits its crystallization rate. For 
that reason, PBS has been copolymerized with other monomers to 
reduce its crystallinity and improve processability, chemical resistance, 
and mechanical performance. Several blocks such as PCL [161,162], 
PLA [163], poly(tetramethylene oxide) (PTMO) [164], poly(butylene 
sebacate) (PBSe) [165], and poly(butylene fumarate) (PBF) [166] have 
been incorporated to PBS copolymers following a multiblock structure 
with hard and soft segments. Some of these multiblock copolymers are 
phase segregated in the melt, and in many of them, the PBS block 
crystallizes first. 

A double crystalline system involves PBSe as a comonomer. The PBSe 
phase improves the tensile mechanical properties of the PBS-mb-PBSe, 
increasing the elongation at break. The mechanical behaviour reflects 
the crystallinity and morphology of these segmented copolymers, in 
which both phases can crystallize, provided the cooling conditions are 
suitable and adjusted. In these multiblock PBS-mb-PBSe copolymers 
[165], both phases can crystallize. Upon cooling from the melt at 5 ◦C. 
min− 1, two well-separated crystallization exotherms are observed. The 
PBS block crystallizes at high temperatures and then crystallizes the 
PBSe block at lower temperatures. Increasing the content of the PBSe 
blocks reduces the Tc and the crystallinity of both phases compared to 
the homopolymer, as expected. The molten PBSe chains might induce a 
plasticizing effect over the PBS crystallization. 

On the other hand, as a melt-miscible system, the crystallization of 
both phases takes place sequentially, and PBS crystallization that hap
pens first templates the morphology of the system, forcing the PBSe 
crystallization to occur inside the PBS interlamellar regions and 
restricting its crystallization ability. No important changes were 
observed in the Tm of both phases, except for a rather small decrease in 
the melting peak. In the case of copolymers with PBS, a small crystal
lization exotherm just before the melting is commonly observed for the 
PBS phase. It obeys a melt-recrystallization (reorganization) event 
similar to the one observed in other polyesters, such as PLLA. WAXS 
analysis confirmed the double crystalline nature of these multiblock 
copolymers with no influence on the crystal structure of each block. 

Both phases crystallized separately and sequentially upon cooling. As 
PBS templates the crystalline morphology into spherulites, only a 
distinctive, although slight, change in birefringence accounted for PBSe 
crystallization [165]. 

When copolymerized with PCL, the impact strength of PBS greatly 
enhances. Because of that, it is interesting to understand the crystalli
zation behaviour. Double crystalline PBS-mb-PCL diblock copolymers 
have been reported by Huang et al. [161] and Ponjavic et al. [162] 
Huang et al. [161] demonstrated the reversibility of the alternated 
lamellar structure in these copolymers induced by sequential crystal
lization/melting thermal protocol. Despite being a melt-segregated 
system, the PBS phase that crystallizes first can disrupt this segrega
tion and is ordered in 3D spherulitic structures inside which the subse
quent PCL phase crystallizes. Each block crystallizes separately in its 
own crystalline structure, and the crystallization of the PCL block did 
not modify the crystalline morphology previously templated by the 
crystallization of the PBS block. Similar to linear PLLA-b-PCL diblock 
copolymers, only the magnitude of the birefringence changes. SAXS 
evaluations showed that the periodic lamellar structure is recovered 
prior to the PCL phase crystallization if the sample is again heated and 
the PCL crystals are melted. 

In segmented polyurethane copolymers based on PBS and PEG, the 
non-isothermal crystallization kinetics of the PBS segment was 
enhanced after the inclusion of a high content of PEG [167]. Unlike the 
PBS-mb-PCL copolymers, in these copolymers, both segments are 
miscible. The PBS chains crystallize first, and then the PEG chains. Thus, 
the mobility of the molten PEG chains improved the crystallizability of 
the PBS segment. Intermediate compositions exhibited a double crys
talline nature. The 3D superstructural morphology revealed banded 
spherulites in all compositions. As the PEG content increased, the peri
odicity of the lamellar twisting became larger. The Avrami indexes ob
tained were between 2 and 4 for both segments [167]. 

The analysis of the crystallization behaviour becomes more complex 
when the thermal properties of both segments are nearby. Huang et al. 
[164] reported PBS-mb-PTMO block copolymers with high content of 
PTMO phase, in which the crystallization temperatures of both blocks 
were close to each other. The PBS was isothermally crystallized at 
different times to isolate the crystallization effect of this block. As the 
crystallization time of the PBS block increases, the PTMO block crys
tallizes in a fractionated manner upon subsequent dynamic cooling. 
Longer crystallization times enriched the crystalline phase of the PBS 
block and partially confined the PTMO chains in the PBS interlamellar 
regions, reducing the PTMO Tc. 

Unlike the PBS multiblock copolymers mentioned above, in the PBS- 
mb-PLLA [163] system, the PLLA blocks crystallize and melt at higher 
temperatures than the PBS blocks. Therefore, the first crystallization of 
the PLLA block conditions the crystallization of the PBS blocks. As a 
melt-miscible system, the PLLA forms superstructures inside which the 
PBS block crystallizes after cooling from the melt. The expected change 
in birefringence was observed. The observation of a single Tg confirmed 
the melt miscibility through DSC measurements [163]. Only a double 
crystalline system is obtained when the PBS composition is 80%. Two 
clear endothermic peaks were observed in the heating scan and corre
sponded to the sequential melting of the PBS and PLLA crystals. But, if 
the composition is reduced to 30%, the PBS block cannot crystallize. 
Moreover, compared to the PLLA homopolymer, the PLLA Tm in the 
copolymer was reduced due to a diluent effect caused by the molten 
chains coming from the previously melted PBS crystals. The effect of the 
composition is clear in the microstructural morphology. At high PLLA 
content (70%), the superstructures formed were 3D spherulitic-like with 
some distortion and ill-defined banding. However, this morphology 
changed radically when PLLA content was very low (20%), and a den
dritic structure was observed (see Fig. 25b). Consider that both samples 
were crystallized at a temperature at which only the PLLA block can 
crystallize. The subsequent crystallization of the PBS block at lower 
temperatures is nucleated by the previously formed PLLA crystals. Since 
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double crystallization is only observed when PBS is in majority, 
confinement of the PBS block during crystallization is not expected 
[163]. 

The crystallization features of both blocks are affected by the crys
tallizability of the other block [163]. The overall crystallization rate of 
each block in the copolymer was reduced compared to the analogous 
homopolymer. The previously crystallized PLLA block affected the 
crystallization of the PBS block. The PLLA crystals retarded the crys
tallization of the PBS block, even though it is not a confined environ
ment. In the other case, the crystallization kinetics of the PLLA blocks 
was also retarded, probably due to the presence of the molten PBS 
chains, enhancing the mobility of the PLLA chains excessively (see 
Fig. 26) [163]. The Avrami index agreed well with the morphology 
observed by PLOM, as values around 3 were obtained in PBS-mb-PLLA 
multiblock copolymer with high PLLA content. An index value of 3 in
dicates an instantaneously nucleated three-dimensional superstructure 
[163] (see Fig. 25). 

The abovementioned observations are comparable with the crystal
lization behaviour of PDLA-b-PBS-b-PDLA triblock copolymer [168]. In 
this system, the PDLA block also melts at a higher temperature than the 
PBS block. Despite being a linear block copolymer, the crystallization 
kinetics are analogous as the block crystallized slower than the homo
polymers. However, the triblock copolymer with shorter PDLA blocks 
exhibited a faster crystallization rate. Depending on the Tc, the crystal
lization rate might be reduced if the length of the PDLA block is too 
large. The subsequent crystallization of the PBS block (after crystallizing 
the PDLA block until saturation) revealed that medium PDLA block 
lengths enhanced the crystallizability of the PBS block as a result of the 
nucleating effect caused by the PDLA crystals. However, if the content of 
PDLA is too high, the crystallization rate of the PBS block is reduced due 
to space restrictions. The Avrami fitting to the crystallization kinetics 

data revealed similar behaviour to the PBS-mb-PLLA [163] since n values 
mainly close to 3 were obtained for the PDLA and PBS block. A 
three-dimensional and heterogeneous nucleation mechanism dominated 
the crystallization behaviour [169]. The n value reduced as the re
strictions to PBS crystallization became more significant (increased 
PDLA content) [168–170]. 

Another system in which the second comonomer melts at a higher 
temperature than PBS is the PBS-mb-PBF multiblock copolymer. The 
fumarate units are copolymerized with succinate units to introduce 
double bonds in the main chain that can act as site units for further 
crosslinking reactions. In this way, polyesters with enhanced and elas
tomeric properties can be obtained. However, analyzing the crystalli
zation behaviour is more complex because the melting temperatures of 
both blocks are close to each other (111 and 129 ◦C, for PBS and PBF, 
respectively [166]), and the similarity between chemical structures of 
the blocks can induce an isomorphic or isodimorphic co-crystallization 
behaviour [171]. Also, crosslinking can modify the crystallinity. 

Sheikholeslami et al. [166] evaluated the crystallization behaviour 
of uncrosslinked and crosslinked PBS-mb-PBF multiblock copolymers. 
From DSC analysis, only one melting peak was observed during the 
second heating scan, and the Tm value shifted from 115 to 118 ◦C as the 
content of PBF increased from 10 to 30% (see Fig. 27). The authors claim 
that the increased Tm with composition revealed an isomorphic 
co-crystallization behaviour. That means that both comonomers of 
similar configurations crystallize together in a single crystal lattice. In 
isodimorphic crystallization, the Tm values first decrease and then in
crease; both comonomers crystallize in their own structures with some 
inclusions of the other comonomer as a function of composition or even 
coexisting together. In these multiblock copolymers, the Tm value is 
between both homopolymers and increases with PBF composition 
[166], which means that PBS and PBF are probably co-crystallizing in a 

Fig. 25. PLOM micrographs of multiblock copolymers (a) LL70
5.4-mb-BS30

7.4 and (b) LL20
5.4-mb-BS80

7.4 during isothermal crystallization at the indicated Tc. Taken from Ref. [163].  

Fig. 26. Overall crystallization rate (1/τ50% exp) versus crystallization temperature (Tc) for (a) PLLA homopolymer and PLLA blocks within the LL70
5.4-mb-BS30

7.4 copolymer; 
and (b) PBS homopolymer and PBS blocks within LL20

5.4-mb-BS80
7.4 multiblock copolymers. Taken from Ref. [163]. 
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single crystal unit with the majority of PBS segment chains. However, 
the authors should have provided further evidence by WAXS analysis to 
confirm modifications of the crystalline lattice due to the isomorphism. 

In addition, increasing the PBF content in the copolymer reduced the 
supercooling, which indicated that the PBF segments enhanced the 
crystallization ability of the PBS-mb-PBF multiblock copolymers. The 
analysis of the non-isothermal crystallization kinetics also revealed a 
faster crystallization rate in the multiblock copolymers with 30% PBF. 
The fitting to the Avrami equation suggested the formation of spherulitic 
superstructures as n values were 3 [166]. The reason behind the 
enhanced crystallization might be the slightly rigid double bond in the 
PBF that could reduce to some extent the very high mobility of the 
highly flexible PBS chains, inducing the chain folding at shorter times or 
higher crystallization temperatures. If the sample is crosslinked, the 
crystallization kinetics become slower as the molecular mobility and the 
diffusion ability are reduced (see Fig. 28). 

Finally, another interesting copolymer from the PBS family is poly 
(butylene succinate-co-adipate) (PBSA). The PBSA is a random copol
ymer with increased flexibility and lower crystallinity than the PBS. This 
random copolymer has been copolymerized with PLLA to obtain soft- 
hard segment block copolymers. Wu et al. [172] have reported the 
crystallization behaviour of these PBSA-mb-PLLA multiblock co
polymers and the effect of different nucleating agents: talc, nanosized 
zinc citrate (ZnCC), and 1,10-(ethane-1,2-diyl)bis(3-henylurea) (BUr1). 
The three nucleating agents increased the melt crystallization temper
ature and crystallinity of the PLLA segment. However, no influence was 
observed in the PBSA phase, as it seems that this phase remained 
amorphous in the copolymer. Although the PBSA prepolymer can crys
tallize pure and with nucleating agents, its crystallization was 

suppressed when copolymerized with PLLA, particularly at lower 
concentrations. 

4.2.2. Other multiblock copolymers 
Other multiblock copolymers, different from the PBS family, include 

poly(ether-mb-amide) [173], poly(ethylene terephthalate)-mb-poly 
(oxyhexane) [174], poly(butylene terephthalate)-b-poly(ethylene oxi
de)-b-poly(propylene oxide)-b-poly(ethylene oxide) [159] and poly 
(hexamethylene carbonate)-co-poly(hexamethylene urethane) [175], 
poly(amide-b-ether) [176], to mention a few. These segmented co
polymers include soft and hard segments as characteristic features. They 
are also double crystalline and exhibit some phase segregation. Poly 
(ether-mb-amide) multiblock copolymer (PEAc) [173] are built with 
long-chain carbon polyamide 1012 (PA1012) as hard segments and poly 
(tetramethylene oxide) (PTMO) as soft segments. These multiblock co
polymers are partially segregated in the melt, although the crystalliza
tion of the PA1012 hard segments disrupts the phase segregation. The 
weak melt-segregation was demonstrated not by standard SAXS exper
iments but by rheological measurements. A nonlinear relationship be
tween log G′ and log G′′ is exhibited by the copolymer in the melt state, 
demonstrating microphase separation to some extent since the storage 
modulus (G’) and the loss modulus (G”) are sensitive to phase separa
tion. In addition, two clear glass transitions corresponding to each 
segment were detected by DMA experiments. That is also a sign of melt 
segregation, although phase segregation is weak. Upon cooling from the 
melt, the PA1012 hard segments started to crystallize first (between 120 
and 160 ◦C), destroyed the microphase separation, and templated the 
morphology for the subsequent crystallization of the other segment (see 
Fig. 29). Then, the PTMO segment also crystallized at approximately 
0 ◦C, and a double crystalline copolymer was obtained. Increasing the 
PTMO content caused a diluent effect over PA1012 crystallization, as its 
crystallization temperature is shifted to lower values due to partial 
miscibility between the segments. Moreover, as the PTMO phase became 
larger, the spherulitic structure became more diffuse, and the border of 
the spherulites was less clear. The morphology resembled more 2D 
axialitic structures(see Fig. 29) [173]. 

The authors [173] performed an exhaustive analysis of the inter
lamellar assembly of these PA1012-mb-PTMO multiblock copolymers 
employing SAXS technique. Despite the rheological and DMA analysis 
showing some weak segregation, these multiblock copolymers are 
apparently melt-miscible since no scattering signal in the molten state (i. 
e., 220 ◦C) was observed. The absence of scattering might obey the 
negligible electron density difference between the amorphous phases of 
PA1012 and PTMO. Then, as the copolymers are cooled down, the 
long-period values are reduced as temperature decreases due to the 
crystallization of PA1012 phase and the contraction of the mixed 
PA1012/PTMO amorphous phase. The lamellar arrangement of the 
PA1012 crystals is detected, developing from 165 to 40 ◦C. Interestingly, 
at around 0 ◦C, the long period was further and largely reduced (see 
Fig. 30b). This point agrees with the crystallization onset of the PTMO 
segments at lower temperatures. The variation of the lamellar thickness 
can be further analyzed through the K(z) functions (see Fig. 30c). This 
way, the lamellar thickness of the crystalline (lc) and amorphous (la) 
phases can be calculated. The increase of la value at 40 ◦C with PTMO 
content obeyed the contribution of the amorphous and molten 
PTMO-rich phase. That gave evidence of the localization of the amor
phous PTMO-rich phase inside the interlamellar amorphous regions of 
the PA1012 spherulites. The excluded PA1012/PTMO amorphous phase 
to the region between the PA1012 lamellae enlarged the periodic 
interlamellar distance. After PTMO crystallization at − 40 ◦C, the crys
talline lamellar thickness lc is further decreased because the PTMO 
lamellae are partially intercalated between the PA1012 lamellae [173]. 

Similar to PA1012-mb-PTMO samples, the multiblock copolymers 
based on poly(ethylene terephthalate)-mb-poly(oxyhexane) (PET-mb- 
poly(1,6 HD)) reported by Flores et al. [174] exhibited a weakly 
segregated amorphous phase as DMTA, and Flash DSC also detected two 

Fig. 27. Composition dependence of the melting temperature of PBS-BF short- 
segmented block copolymers. Taken from Ref. [166]. 

Fig. 28. Inverse of tao 50% with the butylene fumarate content uncrosslinked 
and crosslinked copolyesters. Taken from Ref. [166]. 
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glass transitions. Each Tg corresponds to each segment (see Fig. 31a). 
These PET-mb-poly(1,6 HD) multiblock copolymers are double crystal
line, with melting temperatures around 50 and 240 ◦C. SAXS also 
showed no segregation in the melt, denoting only partial immiscibility. 
The glass transitions observed in Fig. 31a could demonstrate that in the 
PET-rich phase, a small amount of poly(1,6 HD) chains is dissolved, 
which is responsible for the depression of the PET Tg. If the poly(1,6 HD) 
content increases, this reduction is more important due to a plasticizing 

effect (see Fig. 31a). 
Correspondingly, the poly(1,6 HD)-rich phase might include some 

polymeric chains from the PET phase. Flores et al. [174] conducted a 
comprehensive analysis of the crystallization kinetics. Due to their dif
ferences in their crystallization temperatures (poly(1,6 HD) crystallizes 
at much lower temperatures than PET), while the PET segment is 
isothermally crystallized, the poly(1,6 HD) segment is molten. 
Compared to PET homopolymer, a reduction in the overall 

Fig. 29. AFM height images of PA1012-mb-PTMO copolymers thin films with a thickness of 200 nm cooled from melt at 10 ◦C.min− 1 and observed at room 
temperature. Taken from [173]. 

Fig. 30. a) a) Lorentz corrected 1D integrated SAXS curves of PA1012-mb-PTMO copolymers during cooling, b) calculated long period (L) value of PA1012-mb- 
PTMO samples, c) K(z) curves derived from SAXS data, and d) calculated long period from SAXS curve (L), calculated long period from K(z) curves (Lz), 
lamellar thickness (lc) and thickness of amorphous regions (la). Taken and modified from Ref. [173]. 
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crystallization rate of the PET phase within the copolymers was 
observed (see Fig. 31b). Since these are segmented copolymers, the 
molten poly(1,6 HD) chains tethered to both ends of the PET segments 
provided excessive mobility that ultimately can difficult the crystalli
zation of the PET segments close to them. Therefore, the crystallization 
kinetics of the PET is reduced. Similar behaviour is exhibited by the poly 
(1,6 HD) segments. However, in this case, the restrictions imposed for 
the previously formed PET crystals are the ones responsible for the 
decrease in the poly(1,6 HD) crystallization kinetics. These observations 
are similar to the crystallization behaviour observed in PCL, PEG and 
PLLA linear block copolymers. The poly(1,6 HD) segments are obligated 
to crystallize inside the interlamellar zones of the PET spherulites. 

Fitting the crystallization data to the Avrami equation provided 
morphology information through the Avrami index. Avrami values near 
2 for poly(1,6 HD) segments indicated that 2D instantaneously growing 
crystals (axialites) are formed due to the restrictions caused by the PET 
segments crystallized first. If the content of PET is increased, this index is 

further reduced to 1. It is very difficult for the poly(1,6 HD) segments to 
be nucleated as they are confined inside the interlamellar regions of the 
PET crystals. From the Lauritzen and Hoffman fitting to the DSC data, it 
was also demonstrated that as the content of poly(1,6 HD) segments 
increased, the confinement effect of the PET segments was less severe. 
Moreover, more energy is required to induce the crystallization of both 
segments compared to the corresponding homopolymers [174]. 

Thermal fractional treatment is a useful technique to explore the 
effects of the segmental architectures in multiblock copolymers. Zhang 
et al. [175] applied the Successive Self-nucleation and Annealing (SSA) 
methodology (see Fig. 32) to poly(hexamethylene carbonate)-co-poly 
(hexamethylene urethane) (PHCU) segmental block copolymers. In 
these multiblock copolymers, the urethane segments (PU) and the car
bonate segments (PC) undergo cocrystallization; some PC segments are 
included inside the PU-rich phase crystals and vice versa. Distortions in 
the crystalline structure detected by WAXD gave evidence of a cocrys
tallization phenomenon. Thus, a possible isomorphic-like behaviour was 

Fig. 31. a)Tg values of some copolymers PETxpoly(1,6 HD)y as a function of poly(1,6 HD) content in the copolymer b) Overall crystallization rate (1/τ50%) as a 
function of isothermal Tc and supercooling (Tm

o − Tc) for PET-mb-poly(1,6 HD) copolymers. Taken and modified from Ref. [174]. 

Fig. 32. a) Temperature scan procedure for SSA thermal treatment. b) DSC heating scans for SSA fractionated PHCU copolymers and PUDL oligomer at 10 ◦C/min. 
Taken and modified from Ref. [175]. 
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observed. However, the SSA technique allowed for thermally fraction
ating the segmented copolymer in two clear populations when the 
content of the PU segments is reduced (see Fig. 32). The fractions that 
melt at higher temperatures correspond to the PU-rich phase, while the 
lower temperature fractions belong to the PC-rich phase. The generation 
of two distinctive crystalline phases allowed the discarding a clear 
isomorphism in these copolymers with low PU content. WAXD analysis 
demonstrated the existence of the PC crystalline phase. Sequential 
crystallization and melting of PC and PU rich phases occurred when the 
PU content was as low as 10%. The cooling conditions also affected the 
crystallization behaviour as the lamellar thickness increased as the PU 
content and cooling rate were reduced. In higher PU content co
polymers, the cocrystallization phenomenon prevailed [175]. 

5. Other components: effect of nanofillers and other additives 
on the crystallization behaviour of block copolymers 

5.1. Effect of processing additives 

Some additives are mixed with block copolymers to improve specific 
properties. Triblock ABA copolymers composed of PLLA-b-PEG-b-PLLA 
may lack the suitable melt flow properties to be processed using tradi
tional polymer processing techniques such as injection molding and film 
blowing. To improve the melt strength of PLLA copolymers, smaller 
chain extender molecules are added to form long-chain branched 
structures through end-chain reactions [86,177]. The chain extenders 
that are commonly used are epoxy-based molecules (ver Fig. 33), and 
the extent of chain extension and the final melt flow properties depend 
on the reaction conditions and the content of the chain extender [177]. 

In this triblock terpolymers, the middle PEG block was not able to 
crystallize after melt cooling the sample, probably due to its short con
tent in the copolymer (17%) and a restriction effect caused by the pre
viously formed PLLA crystals that limited the crystallization ability of 
this block located in the middle. However, the flexible PEG block’s 
presence enhanced the PLLA block’s cold crystallization during the 
second heating scan as this block is molten at the temperatures PLLA 
block cold crystallizes. The molten PEG segments induced a plasticizing 
effect over the PLLA crystallization, increasing the mobility of the PLLA 
chains. In fact, a longer middle PEG block enhanced the chain mobility 
and crystallization ability of the PLLA end blocks; consequently, the 
PLLA χc increased [86]. 

Adding an epoxy-based chain extender to the triblock copolymer 
modified crystallization behaviour [86,177]. Increasing the chain 
extender content from 1 to 4% led to a reduction of the PLLA block Tc 
during cooling and an increase of the PLLA block Tcc during heating, 
probably as a result of the limited PLLA chain rearrangement and 
mobility caused by the long-chain branches formed from the reactions 
with the chain extender. Similarly, the PLLA crystallization degree 
reduced as the content of the chain extender increased [86]. In fact, 
PLLA χc decreased by approximately 66% with the presence of 4% of 
chain extender, indicating that the chain extension reactions might 

inhibit the crystallization ability of the PLLA block. Confirmation of 
reactions between PLLA and the chain extender was provided by NMR 
[177]. The chain extension reactions did not alter the Tg of the co
polymers [86]. 

Some antioxidant additives may influence the double crystalline 
nature of block copolymers. Polyurethane synthesized from a tailor- 
made linear triblock copolymer of PLLA and PCL exhibited the crystal
line fractions from the PCL and PLLA blocks, as was demonstrated by X- 
ray diffraction. Catechin was added to this PU copolymer as a natural 
antioxidant derived from flavonoids found in winery residues. The 
presence of this additive caused an increase in the halo amorphous, and 
the intensity of the reflection peaks 2θ = 16.8◦ and 19.2◦ corresponding 
to PLLA and PCL crystals, respectively. However, the catechin loaded at 
5% reduced the molecular mobility of the PCL block as its Tg increased to 
7 ◦C. In fact, part of this block could not crystallize during the cooling 
scan, and cold crystallization phenomena were observed during the 
subsequent heating. The Tcc increases as the catechin content is higher. 
Similar behaviour was observed in the PLLA block. In the neat polymer, 
no cold-crystallization phenomenon was observed in the second heating 
for the PLLA block, and only crystal melting was observed. However, 
after adding 1, 3, and 5% of catechin, the PLLA block cold crystallized, 
and the Tcc increased as the catechin content increased. That is an 
indication of molecular mobility restrictions imposed by this additive 
which ultimately did not contribute to enhancing the crystallinity, and 
the crystallization degree of both PCL and PLLA blocks reduced as 
catechin content increased [178]. 

5.2. Effect of nucleating agents 

Nanoparticles usually act as nucleating agents, enhancing the het
erogeneous crystallization of polymer systems. Nanocellulose fibers 
(NCF) and whiskers (CNW), as well as carbon nanotubes (CNT), are the 
most investigated nanoparticles in combination with polymer blends 
and composites, polymer grafting, and copolymers [179–182]. The 
shish-kebab structure is a well-reported characteristic morphology of 
polymer-fibrilar nanocomposites after crystallization. When the poly
meric chains are constituted by potentially crystallizing block co
polymers, the final morphology is also tuned by the block composition 
or block length. 

For instance, Ochoa et al. [180]. and Le et al. [181]. have studied the 
crystallization behaviour of PE-b-PEG diblock copolymers with different 
compositions in the presence of nanoparticles such as NCF [180] and 
CNT [181]. The copolymer usually decorates the surface of the nano
particle (see Fig. 34a). Particularly, symmetrical (50-50) PE-b-PEG 
diblock copolymers that were solution crystallized in the presence of 
CNT were double crystalline [181]. Two exothermic peaks corre
sponding to the PE and PEG blocks crystallization were identified in the 
cooling scan. Moreover, a three-degree shift towards higher tempera
tures was detected by the PE block in the presence of the CNT. Being the 
first block in crystallizing, this increase in Tc denoted the enhanced PE 
crystallization due to the nucleating effect caused by CNT. On the con
trary, in comparison to the pure copolymer, the PEG block Tc was 
reduced in the CNT nanocomposite. Since the PEG block is the second on 
crystallizing, the authors explained this opposite behaviour due to the 
less favorable alignment of PEG chains to the CNT, which disrupt their 
crystallization [181]. 

However, if the block content is reduced to 20%, the PE or the PEG 
block cannot crystallize on cooling, not even in the presence of CNT. 
That is the importance of block length or composition to develop double 
crystalline systems. Moreover, the most interesting observation of the 
high Mw symmetrical PE-b-PEG diblock copolymers was the splendid 
shish-kebab structures observed by TEM (see Fig. 34b and c). This 
structure is double crystalline, and as the length of the blocks is 
increased, a more stable and regular structure is formed, and better in
teractions of the PE segments over the CNT surface are promoted [181] 
(see Fig. 34b vs Fig. 34c). The isothermal crystallization temperatures 

Fig. 33. Molecular structure of epoxy-based chain extender. R is an alkyl 
group. x and y are each between 1 and 20 as well as z is between 2 and 20. 
Taken from [177]. 
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were 69 ◦C for the low Mw copolymer and 95 ◦C for the high Mw 
copolymer. At these temperatures, only the PE block can crystallize. 
However, upon subsequent cooling, the PEG block also crystallized. 

5.3. Effect of terminal end groups 

Polyhedral oligomeric silsesquioxane (POSS) macromolecules have 
been of great interest over the past decades. POSS is an organic- 
inorganic hybrid molecule with an inorganic silica-like core sur
rounded by a shell of eight organic-reactive or non-reactive groups. 
Incorporating this POSS nanocage in polymeric chains can improve the 
tensile properties and modify the crystallization behaviour. POSS has 
been polymerized with PCL and PHBV to form organic-inorganic mul
tiblock copolymers [183]. DSC experiments demonstrated that the three 
phases, PCL, PHBV, and POSS are in the crystalline state, although not 
simultaneously. Depending on block composition, these multiblock co
polymers could be double or triple crystalline. Only diffraction peaks 
corresponding to the POSS and PHBV crystalline phases were detected 
by XRD. In contrast, no diffraction signals were observed for the PCL 
segments, regardless of the somehow high PCL content (between 25 and 
44%). The POSS units might highly restrict the PCL crystallization. 

DSC experiments on heating revealed that PHBV cold crystallization 
overlaps with PCL crystals melting. In addition, the subsequent melting 
of the PHBV and POSS crystals is observed. The crystallization degree of 
the PHBV is reduced probably because POSS molecules interrupt the 
regularity of the polymeric chains in order to crystallize [183]. Simi
larly, in POSS terminated PCL-b-PLLA diblock copolymers [184], the 
POSS end groups restricted the crystallization of the PLLA block because 
this block is directly joined to the POSS units that hampered the mobility 
of the PLLA chains. Annealing the sample at 100 ◦C improved the 
crystallizability of the PLLA block, increasing its crystallinity degree. 
Unlike the aforementioned copolymers, in this PCL-b-PLLA diblock co
polymers, the POSS units might act as nucleating sites as the PCL crys
tallization was enhanced, probably to the tendency of the POSS units to 
locate at the PCL phase [184]. 

Other organic-inorganic composites include segmental copolymers 
of PCL and PEG cross-linked by in situ-generated silsesquioxane struc
tures [185]. Due to the presence of these structures, phase separation 
took place at the micro and the nanoscale. Despite being miscible 
polymers, PCL and PEG, when crosslinked, a globular morphology of a 
PEG-rich phase immersed in a PCL matrix was obtained as it was 
detected by optical microscopy and SAXS. In the nanoscale, the silses
quioxane nanoparticles were detected by TEM. These segmental block 
copolymers were double crystalline, as confirmed by WAXS. Despite 
having similar crystallization and melting ranges, the PCL segment 
crystallized before the PEG segment. The crystallinity was also affected 
by the crosslinking degree, and this factor usually causes a reduction in 
the crystallinity of the polymeric chains as the chain folding becomes 
more difficult. Moreover, the PCL Tc increased in the segmental co
polymers, probably due to the presence of the inorganic structures that 

could enhance the crystallization ability. On the contrary, the PEG Tc 
was shifted to lower temperatures, which means that the crystallization 
of the PEG segments was, to some extent, hindered by the previous 
crystallization of the PCL. The final morphology is complex. As phase 
segregated, spherical domains of PEG are dispersed in PCL rich phase, 
both of them having a non-mixed 3D spherulitic structure. It is proposed 
that in the interlamellar and inter-spherulitic amorphous regions, the 
polysilsesquioxane (PSQ) inorganic nanoparticles acted as cross-linking 
nodes [185]. Interestingly, completely miscible PEG-b-PCL block co
polymers can be segregated in the melt and in the solid state by the sole 
inclusion of the PSQ moieties. 

Some linear block copolymers are functionalized with 2-Ureido-4- 
pyrimidone (UPy) units as end functional groups to enhance their 
physical properties [186–190]. The UPy units are included as chain 
extenders in order to obtain supramolecular polymers (SPM) with 
improved molecular weight. In addition, these units provide better 
mechanical performance, shape memory behaviour, and self-healing 
properties [186,187]. Including these UPy units will surely influence 
the crystallization behaviour of block copolymers. In fact, it has been 
reported a depression in the crystallization temperature. 

Jing et al. [186] reported the crystallization behaviour of SPM based 
on PLA-b-PCL-b-PLA triblock copolymers synthesized from POSS initi
ator and functionalized with UPy units. The double crystalline nature 
was confirmed by DSC and WAXS experiments. POSS might enhance the 
crystallization ability of the copolymers by increasing the nucleation 
sites. As an organic-inorganic hybrid molecule, the POSS initiator 
improved the crystallization behaviour of the PLA-b-PCL-b-PLA triblock 
copolymers: larger Tc and crystallinity degree were exhibited by both 
PCL and PLLA blocks. On the contrary, the inclusion of the UPy units 
hindered the crystallization of these copolymers since reduced Tc, Tm, 
and crystallinity degreed were detected by DSC in both blocks. These 
UPy units expand the polymeric chains and destroy their structural 
regularity, which ultimately makes it difficult for the chain to fold into 
the perfect crystalline arrangement. However, the inclusion of POSS 
molecules into UPy functionalized PLA-b-PCL-b-PLA triblock co
polymers contributed to reduce the negative effect of the UPy units by 
supplying extra nucleating sites for polymer crystallization. Enhanced 
crystallization was also observed in stereocomplex SMP of 
PLLA-b-PCL-b-PLLA and PDLA-b-PCL-b-PDLA copolymer blends, in 
which the POSS accelerated the crystallization of PLA blocks. However, 
the crystallizability of the PCL block was reduced [187]. 

5.4. Effect of rigid confinement inside anodic alumina oxide templates 
(AAO) 

Anodic alumina oxide templates (AAO) [191] impose rigid confine
ment that hinders the crystallization of potentially crystallizable diblock 
copolymers such as PEO-b-PCL copolymers. Because the PCL block 
crystallizes first, the subsequent crystallization of the PEO block be
comes severely hampered due to a confinement effect caused by both the 

Fig. 34. a) SEM image PE-b-PEG diblock copolymers crystallized in the presence of NCF and TEM images of b) low Mw and c) high Mw, both symmetrical 50-50 PE-b- 
PEG diblock copolymers after 6 h crystallizing in the presence of CNT. Taken and modified from [180,181]. 
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AAO rigid template and the previously formed PCL crystals. Thus, the 
nucleation process of the minor PEO block can be completely sup
pressed. On the other hand, the PCL block can crystallize through a 
homogeneous nucleation mechanism [192]. 

6. Conclusions 

The crystallization of complex block copolymer has been reviewed, 
and the most relevant parameters that determine the number of chem
ically different crystalline structures that could be obtained in such 
systems could be summarized as follow: 

1. The relative amount of the crystallizable blocks. There is a minimum 
amount of the block for the crystallization of a second phase. That 
amount is correlated with other parameters, like architecture, the 
crystallization temperature of the other blocks, the chemical nature of 
the block, and its relationship with the other blocks presented in the 
copolymer. If the other parameters remain the same, an increase in the 
amount of the crystallizable block is expected to increase the degree of 
crystallinity and the crystallization temperature. However, it has been 
reported that for PLLA, an excessive increase in the molecular weight 
could lead to a decrease in the crystallization degree. On the other hand, 
if the second crystallizable block (from the melt) remains constant in 
length and relative amount, and the first block is too large, the crys
tallization might be depressed. 

2. Crystallization temperature. Comparing one block with the other 
crystallizable blocks, the crystallization temperature is critical to the 
possibilities of whether that block will crystallize. If the block is cooled 
from the melt, the block with the highest Tc will crystallize first. When 
one of the blocks is crystallized, then the crystallization of the second 
block can be either enhanced or hampered. The already crystalline block 
can nucleate the next one, improving the crystallization, or can induce 
confinement effects restricting the crystallizability of the second, third, 
or subsequent blocks. Other competitive effects, such as plasticizing and 
antiplasticizing can also be found in the crystallization of multiple 
blocks. 

3. Architecture. The physical constraints that chemical architecture 
imposes also influence the crystallization process. Different crystalliza
tion behaviours are observed whether the block copolymers have a 
linear, star, or comb structure. In the case of linear triblock copolymers, 
the middle block has a lower possibility of crystallizing. Conversely, the 
ones with a free end have more probability of undergoing crystalliza
tion. A similar feature is reported for star copolymers, where the 
enhanced mobility favors the crystallization process. 

4. Chemical nature and morphology. The segregation strength between 
the blocks will surely affect the potentiality for crystallizing all the 
phases present in the block copolymer and will determine the final 
crystalline morphology. In melt-miscible systems, phase segregation is 
driven by the sequential or simultaneous crystallization of different 
blocks, and a mixed alternated multi-lamellar morphology is developed 
in the end. The first block that crystallizes at higher temperatures forms 
spherulites (either from a mixed melt or by break-out from a weakly 
segregated melt) that template the morphology of the copolymer. The 
other blocks that can crystallize will do it in the interlamellar space of 
the previous block. In strongly segregated systems, the crystalline 
morphology is set by the phase assembly in the melt, and the crystalli
zation phenomenon is forced to occur either inside the matrix or the 
MDs generated. Inside the MDs, it is possible to observe a relative 
depression of the crystallization due to the possible lack of availability of 
suitable nuclei, which also depends on the MDs volume. Either mixed or 
well-separated morphologies can induce enhancing or restricting effects 
over the potentially crystallizable phases. For instance, the crystalliza
tion ability could be reduced if the blocks are melt-segregated. However, 
double crystallization has been reported with the conservation of 
segregation. A particular case is copolymers with blocks with similar 
chemical structures because they can co-crystallize; however, this pro
cess is also sensitive to thermal treatments, architecture, and 

composition. 
5. Cooling rate conditions. Since the crystallization kinetics of the 

blocks are affected just by being blocks in a copolymer, the rate of 
cooling will affect the crystallization degree and morphology of the 
blocks. By changing the cooling speed, different environments as crys
talline and vitreous phases, can be induced. It has been reported that 
slow cooling rates increase the probability of obtaining multiple crys
talline structures. At the same time, fast cooling rates can suppress the 
crystallization of some blocks with respect to others. Thus, multiple 
crystalline possibilities can be tuned by modifying the crystallization 
conditions. 

Understanding the crystallization behaviour of block copolymers 
continuously becomes more challenging as more complex structures 
have been designed over the past years. The addition of up to four 
different potentially crystallizable blocks has broadened the possibilities 
for tunning the potential features of these systems at the nanoscale, 
which is highly relevant in different high-performance applications in 
several sectors such as optoelectronics photovoltaic, biomedical, and 
membranes, among others. Besides the chemical nature and molecular 
architecture (linear, stars, combs, multiblocks) of the block copolymers, 
their combination with other additives, nanofillers, and end-group 
modifications will also affect their crystallization behaviour. More
over, highly novel techniques such as Flash Chip Calorimetry, and Hy
phenated Rheology Techniques (Rheo-NMR, Rheo-SAXS, and Rheo- 
Optics/-Microscopy combinations), are starting to be used in polymer 
crystallization analysis over the last years, they will surely contribute to 
a more deep exploration and comprehension of the crystalline nature in 
block copolymers and their property-structure relationships. The rapid 
developments in more precise and profound methods to better assess the 
complex phenomena involved will also allow gathering important in
formation not only on the crystallization behaviour of these very com
plex block copolymer systems but to provide strategies on how to 
suitable process these materials in order to obtain specific properties. 
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