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Interplay between polyĲethylene oxide) and
polyĲL-lactide) blocks during diblock copolymer
crystallization

M. L. Arnal,*ab S. Boissé,b A. J. Müller,acd F. Meyer,ef J.-M. Raquez,e P. Duboise

and R. E. Prud`homme*b

The influence of composition and crystallization conditions on the behavior of double crystalline poly

(ethylene oxide-b-L-lactide) (PEO-b-PLLA) diblock copolymers is investigated. PolyĲL-lactide) contents in

the synthesized copolymers vary from 50 to 91%, and the molecular weight of the PLLA block ranges from

2 to 20 kg mol−1, while that of the PEO block is kept constant at 2 kg mol−1. In bulk samples, DSC results

show a synergistic interaction between the crystallization processes of the two blocks. The PEO block pro-

vides heterogeneities and exerts a plasticizing action which favors the crystallization of the PLLA block with

a nucleation efficiency of 30%. In contrast, the subsequent crystallization of the PEO block is subject to

two opposing effects: (a) the nucleating action of PLLA crystals and (b) the topological and geometrical

constraints imposed by PLLA crystals, especially when the PEO content is 20 wt% or less. In the case of ul-

tra thin films, block copolymers with PEO contents equal or smaller than 20 wt% form distorted PLLA single

crystals when crystallized from the melt. However, upon increasing the PEO content in the system to 33

wt% (by blending or copolymerization), the distortions disappear and the angle between the {110} growth

faces changes from 140° to 121°, since the PEO block acts as a solvent or plasticizer for the PLLA block

during the crystallization process. PEO incorporation can therefore tailor the rate and morphology of PLLA

block crystallization. TEM and AFM studies allowed direct observation of the PEO block dendritic crystals

on the surface of lozenge-shaped PLLA crystals previously formed during cooling from the melt.

Introduction

Block copolymers are materials that have applications as ther-
moplastic elastomers, pressure sensitive adhesives, additives
and drug delivery carriers.1–3 The ability of block copolymers
to self-assemble in the melt according to the relative thermo-
dynamic repulsion between their components has been exten-
sively explored both theoretically and experimentally.2,3

Crystallizable block copolymers in the strong segregation
regime exhibit confined crystallization within their micro-

phases that are dictated by composition and thermodynamic
repulsion.2,4–6 Hence spherulites or any other type of super-
structures are not formed. When crystallizable block copoly-
mers are either miscible in the melt or are in the weak segre-
gation regime, crystallization dominates the morphology and
upon cooling from the melt, the first block to crystallize can
form superstructures (like spherulites or axialites) that tem-
plate the final morphology. Therefore, factors like chemical
structure, molecular weight, molecular architecture, number
of crystallizable blocks and crystallization conditions provide
a very large number of variables to tailor the morphology and
properties of these materials.4–7

In diblock copolymers in which both blocks are crystalliz-
able and miscible in the melt, the block with higher crystalli-
zation temperature begins its transformation without con-
finement while the second block crystallizes under a
confined situation within the templated morphology pro-
duced by the first block. In this category, polyĲethylene oxide-
b-L-lactide) (PEO-b-PLLA), for example, has been used in su-
ture and scaffolds, as carriers for drug delivery, and for bio-
degradable stents because it exhibits biodegradability, innoc-
uousness and biocompatibility.8–12 Adequate performance in
terms of strength and ductility depends on the semi-
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crystalline structure of the material, as well as the rate of bio-
degradation. Therefore, the crystallization process and the
interplay between the two blocks during the formation of the
final structure is of utmost importance. PEO-b-PLLA diblock
copolymers have been studied previously and the relative
miscibility between the two blocks has been reported by sev-
eral authors who observed only one Tg that changes with
composition.10,11,13,14 Nevertheless, Rashkov et al.10 pointed
out that the observed changes in Tg are small as compared to
those expected for full miscibility. In addition, the Tg of the
PLLA block is very close to the melting temperature of the
PEO block and this situation hampers its observation by ther-
mal techniques.

The crystallization process of the two block components
in the bulk has been studied by several authors. Huang
et al.13,14 studied the phase segregation process in PEO-b-
PLLA block copolymers with PEO weight contents of 24 and
14% by DSC and SAXS and concluded that a disorder-to-
order transition occurs driven by the crystallization of the
PLLA block. Sun et al. and Huang et al. reported that the
PEO block accelerated the crystallization rate of the PLLA
block in block copolymers of various weight compositions,
between 7 and 52% of PEO.12–15 In contrast, Kim et al.16

showed by time-resolved WAXS that the crystallization of the
PLLA block is retarded due to the presence of the PEO block
in studying block copolymers with PEO contents between 20
and 66%. For the PEO block crystallization, Yang et al.17

reported an increase in the crystallization rate for the PEO
block when its content is between 50 and 67 wt%. Polarized
light optical microscopy analysis showed spherulitic super-
structures for diblock copolymers of different compositions
after PLLA crystallization; the subsequent crystallization of
the PEO block did not change significantly the previous
superstructure.12,13,18,19

The PEO-b-PLLA morphology in thin films has been more
rarely evaluated. Yang et al.20 studied the morphology of thin
films of PEO-b-PLLA with a PEO content of 50%, and
reported lozenge-spiral dislocations, lozenge multilayers, and
hexagonal (or truncated lozenge) multilayer PLLA crystals
and PEO dendritic crystals. Huang et al.13,14 observed
lozenge-shaped crystals of PLLA with screw dislocations
employing AFM, but the crystalline morphology of the PEO
block was not observed using microscopy techniques because
of its small size in the block copolymers employed. Similar
PLLA crystals were observed after isothermal crystallization
by heating from the glassy state (compositions with 24 and
14% of PEO). Sun et al.12 observed by AFM single crystals
with an abundance of screw dislocations that were formed
during the crystallization of the PLLA blocks. Yang et al.21,22

proposed that the crystallization kinetics, morphology and
crystal orientation of crystalline block copolymer thin films
(90 nm) with a PEO content of 50% can be controlled by a
prior wetting process.

From the studies cited above for PEO-b-PLLA linear
diblock copolymers, it is apparent that the crystallization of
the two blocks is not completely understood and some con-

tradictory results have been reported. In the present article,
using a broader range of compositions than before, we show
the complex interplay between the PEO and the PLLA blocks
during crystallization of both bulk and thin films. The series
used is made of well-defined block copolymers obtained
through a metal-free ring-opening polymerization method, in
which the PEO block remains constant in molecular weight.
In order to vary composition, only the PLLA block length is
increased in the copolymers. The role of the PEO block acting
as a polymeric diluent or plasticizer will be particularly
emphasized.

Experimental
Materials

The typical procedure for the metal-free synthesis of PEO-b-
PLLA diblock copolymers was previously reported23 and can
be summarized as follows: L-lactide and polyĲethylene glycol)
monomethyl ether are dissolved in chloroform, then diaza-
bicyclo undec-7-ene (DBU) is added, and the solution is stirred
at room temperature for 10 min. Then, three drops of acetic
acid are added, and the resulting mixture is precipitated out
in heptane; the polyĲethylene glycol) monomethyl ether was
purchased from Fluka, L-lactide was provided by PURAC and
its chiral purity was at least 99%. Table 1 lists the molecular
weight characterization data obtained by size exclusion chro-
matography (SEC) and by 1H NMR. Molecular characteriza-
tions of PEO-b-PLLA diblock polymers were monitored
through the relative number-average molecular weight (Mn)
and associated polydispersity indices (PDI) as determined by
gel permeation chromatography (GPC) and by 1H NMR
spectroscopy. In all cases, the 1H NMR spectra revealed a
good correlation between theoretical and experimental
number-average molecular weights, i.e., PLLA chain lengths
of ca. 4000, 10 000, and 20 000 g mol−1 from PEO of 2000 g
mol−1 and PLLA segments of ca. 5000 with a PEO of 5000 g
mol−1. Moreover, the narrow PDIs of block copolymers were
in the range 1.04–1.11, confirming a good control over the re-
actions (Table 1). The diblock nomenclature that we have
used identifies the PEO block as EO, and the PLLA block as
LA; subscripts indicate the composition in wt%, and super-
scripts the number-average molecular weight of each block in
kilograms per mole. For example, EO33

2LA67
4 means: 33%

weight percent of PEO and 67% of PLLA; the molecular
weight of the former block is 2 kg mol−1 and the molecular
weight of the latter is 4 kg mol−1.

Differential scanning calorimetry

A Thermal Analysis Q-2000 DSC was employed. Samples of 3
mg were encapsulated in aluminum pans. The calibration
was performed with indium, and ultrapure nitrogen was
employed as circulating gas for all tests. Measurements dur-
ing cooling and heating scans were performed at 10 °C
min−1. Degrees of crystallinity, Xc, were calculated from Xc =
ΔHm/ΔH

0
m where ΔHm is the measured enthalpy of fusion (or

crystallization) for the block considered, normalized by its
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composition and ΔH0
m is the enthalpy of fusion of the corre-

sponding 100% crystal structure. ΔH0
m values of 206.2 and

92.9 J g−1 were used for PEO and PLA, respectively.24,25 In all
cases, the measured enthalpy of fusion is given relative to the
mass of the block considered (and not the total mass of the
sample). The procedure to induce self-nucleation in each
block was that described by Fillon et al.26 The complete ther-
mal treatment is described as follows: (a) heating and keep-
ing the sample at 170 °C for 3 min to erase previous thermal
history; (b) cooling at 10 °C min−1 to −90 °C to create a stan-
dard thermal history; (c) partial melting up to a Ts tempera-
ture, at which the sample is completely melted, self-nucle-
ated, or self-nucleated and annealed.

If Ts is high enough to fully melt the sample erasing its
thermal history, the sample is said to be in “Domain I” or
complete melting domain. When Ts is high enough to melt
almost completely the sample, but low enough to leave self-
nuclei that are able to nucleate the sample during subse-
quent cooling from Ts, the sample is said to be in “Domain
II” or self-nucleation domain. The nature of self-nuclei
(whether small crystal fragments remain in the melt or the
melt retains segmental orientation caused by crystalline
memory effects) depends on the Ts temperature range.27,28

When Ts is too low, only part of the crystal population is
melted and, therefore, the un-melted crystals are annealed
during 3 min at Ts while the rest of the polymer is self-
nucleated during the subsequent cooling from Ts; the sample
is then said to be in “Domain III” or self-nucleation and
annealing domain; (d) thermal conditioning at Ts during 3
min; (e) DSC cooling scan from Ts, at 10 °C min−1, where the
effects of the thermal treatment are reflected on the
crystallisation of the PLLA or PEO blocks; (f) DSC heating
scan from −90 to 170 °C, at 10 °C min−1, where the effects of
the entire thermal history are also reflected in the melting be-
haviour of each block. Xu et al.29 performed self-seeding ex-
periments in polyĲ2-vinylpyridine-b-polyethylene oxide)
diblock copolymers (P2VP-b-POE) and polyĲferrocenyl
dimethyl silane) (PFS). They claimed that polymer crystallites
have a wide range of melting temperatures, enabling para-

doxical phenomena such as the coexistence of melting and
crystallization. They reported a self-seeding technique that
enables the generation of arrays of orientation-correlated
polymer crystals of uniform size and shape (‘clones’) with
their orientation inherited from an initial single crystal.
Zhang et al.30 studied polyethylene single crystals consisting
of folded chains that are always in a nonequilibrium state,
even if they are faceted. For low-molecular weight polyethyl-
ene the formation of the well known “Swiss-cheese” like mor-
phology with randomly distributed holes of varying sizes
within the annealed single crystal was observed. Reiter and
Sommer31,32 reported fingerlike branched crystal patterns
with a characteristic width w that resulted from isothermal
crystallization at temperatures (Tc) below the melting point
(Tm) for polyethylene oxide. They demonstrate that PEO can
crystallize, even if it is adsorbed onto a solid surface or con-
fined in thin films. The process is controlled by the crystalli-
zation energy and the diffusion process on the surface. It
may be called annealed diffusion-limited aggregation. Re-
cently Hölzer et al.33 studied crystal thickening during
annealing in block copolymers using several techniques:
DSC, SAXS and WAXS. They reported three annealing re-
gimes: at low annealing temperature, steady lamellar thicken-
ing was found; thermal fractionation was observed at inter-
mediate annealing temperatures due to the exclusion of
shorter chains from the crystals; finally, when annealing
close to and above the peak melting temperature, self-
nucleation of the molten fractions dominated.

Ultrathin film sample preparation

Ultrathin films were prepared by spin coating at a rotation
speed of 3000 rpm for 20 s, followed by acceleration to 4000
rpm s−1, using a Headway Research Inc EC-101 apparatus.
Dichloromethane was used as solvent. A thickness of 15 nm
was obtained from a concentration of 3 mg mL−1. The films
were cast onto cleaned Si substrates (p-type single side
polished (100) silicon wafers) for the AFM observations. The
wafers were cleaned by immersion in dichloromethane for 10

Table 1 Molecular characteristics of block copolymers and homopolymers

Sample EO/LAa (wt%) Mn EO block (kg mol−1) Mn LA blockb (kg mol−1) PDIc

EO50
2LA50

2 50/50 2 2 1.06
EO33

2LA67
4 33/67 2 4 1.06

EO29
2LA71

5 29/71 2 5 1.11
EO20

2LA80
8 20/80 2 8 1.11

EO17
2LA83

10 17/83 2 10 1.09
EO9

2LA91
20 09/91 2 20 1.11

LA42
5EO16

2LA42
5 42/16/42 2 5 1.11

EO50
5LA50

5 50/50 5 5 1.04
PEO2.0 100/0 2 1.05
PEO1.5 100/0 1.5 — 1.14
PEO4.6 100/0 4.6 — —
PLLA4.6 0/100 — 4.6 1.21

a Experimental composition as determined by 1H NMR. b Calculated Mn estimated by 1H NMR for the LA block knowing the Mn of the EO.
c Polydispersity index of the block copolymer (determined by SEC).
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min in an ultrasonic bath to remove any organic contamina-
tion. The substrates were dried in nitrogen and, later, by
spin-coating for 40 s at 3000 rpm. To keep a solvent-
saturated atmosphere around the sample and to allow a uni-
form evaporation, a glass dome was placed on top of the
sample area during spin-coating. Film thicknesses were mea-
sured in a Woolam M-2000 ellipsometer. In the case of TEM
observations, ultrathin films were spin-coated on freshly
cleaved mica substrates covered by a carbon layer (108 car-
bon/A, Cressington Carbon Coater).

Atomic force microscopy

A Nanoscope III Multimode AFM apparatus (Digital Instru-
ment (DI)), operated in tapping mode and equipped with a
high-temperature heating accessory (DI), was used to capture
images. J and JVH scanners were used (maximal scan size
20–20 μm) with silicon nitride probes (MikroMasch and
Nanosensor).

Two different procedures were employed for AFM
observations:

(a) Samples were observed at room temperature after they
were subjected to sequential isothermal crystallization for
each block in a Linkam hot stage. The diblock copolymer
samples were first isothermally crystallized at 120 or 110 °C
to promote the PLLA block crystallization, followed by
quenching to 30 °C, a temperature at which the PEO block
crystallization was achieved.

(b) The AFM hot stage accessory was employed to control
the temperature while the sample was being observed. The
samples were first melted at 170 °C for two minutes and then
quenched to 110 or 100 °C to crystallize the PLLA block un-
der isothermal conditions for 3 h. Then, samples were
quenched to 30 °C and left at that temperature to promote
the crystallization of the PEO block. Holding times of 3 to 18
h at 30 °C were implemented. Once the crystallization step at
30 °C was completed, the samples were reheated in the AFM
hot stage to 70 °C, in order to melt the PEO blocks. Micro-
graphs and analysis at this temperature were performed. The
comparison of the images obtained at different temperatures,
as well as image analysis (designed to determine sample
heights as a function of the crystallization temperature) were
employed to distinguish the crystalline morphology corre-
sponding to each block. During all thermal treatments, the
AFM probe was maintained at the same temperature as the
sample to avoid any condensation.

AFM scan rates of 1 and 0.5 Hz were employed.

Transmission electron microscopy

A Phillips Tecnai H transmission electron microscope (TEM)
operating at 80–100 kV was used for the TEM and electron
diffraction experiments. Films were melted for 2 min at 170
°C and crystallized on mica in a two-step procedure in a
THMS-600 Linkam hot stage connected to a TMS94 tempera-
ture controller. After crystallization, samples (on mica) were
placed on an ice bath. The films were separated from the

mica by floating them in water, and they were transferred to
copper grids for observation.

Results and discussion
Non-isothermal crystallization of bulk block copolymer
samples

PEO-b-PLLA block copolymers of relatively low molecular
weight have been reported as miscible or partially miscible.6

The PEO melting temperature and PLLA glass transition tem-
perature are very close, and their signals superpose and can-
not be used to verify the miscibility. However, the product of
the Flory–Huggins interaction parameter (χ), estimated from
the solubility parameters of the two blocks (δPEO = 21 J cm−3

and δPLA = 20.2 J cm−3),34,35 by the degree of polymerization
of the copolymer N can be used as a first approximation to
estimate the degree of segregation between the blocks. For
the system EO-b-LA, values of 1.6 and 7.4 were obtained for
the product χN at 100 °C considering a total degree of poly-
merization of 4 and 22 kg mol−1, respectively. These values
are below χN = 10 which is considered the boundary between
weak and intermediate segregation regimes.36

DSC results

Fig. 1.a shows the DSC cooling scans of PEO-b-PLLA diblock
copolymers in which the PEO block length remains constant
at 2 kg mol−1 while the PLLA block length increases from 2 to
20 kg mol−1. For comparison purposes, the DSC scans of rep-
resentative homopolymers are also reported. For the majority
of the block copolymers, two exotherms are observed. The
first signal, at higher temperatures, corresponds to the PLLA
block crystallization from the melt, and the second one, at
lower temperatures, corresponds to the crystallization of the
PEO block. This second step takes place in a two-phase sys-
tem made of a PLLA crystal phase and a miscible or partially
miscible amorphous phase (composed of PLLA and PEO

Fig. 1 a DSC cooling scans at 10 °C min−1 for homopolymers and
block copolymers EOx

yLAx
y after melting for 3 min at 170 °C. b

Fractionated crystallization in DSC cooling scans at 10 °C min−1 for
block copolymers EO20

2LA80
8 and EO17

2LA83
10 after melting for 3 min

at 170 °C.
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chains). In miscible or weakly segregated bulk block copoly-
mers, like PCL-b-PLLA or the present system, PEO-b-PLLA,
previous studies6,21,37,38 by Zhou et al.38 have demonstrated
that upon cooling from the melt, the PLLA forms spherulites
that template the block copolymer morphology, since the sec-
ond block that crystallizes at much lower temperatures (i.e., PCL
or PEO) is forced to crystallize in the interlamellar and/or inter-
fibrillar regions. When the PLLA block content is large, the sec-
ond block may experience confinement leading to fractionated
crystallization (see below). In addition, crystallization of most
polymers is accompanied by the separation of different molecu-
lar species, a process referred to as molecular fractionation. In
linear polyethylene, fractionation occurs due to differences in
molar mass. The low molar mass material crystallizes at low
temperatures in subsidiary lamellae. Polymers with branching or
tacticity exhibit not only molar mass segregation but also segre-
gation phenomena relating to structural irregularities.39

Fig. 1.a and Table 2 illustrate that the PLLA homopolymer
with an Mn = 4.6 kg mol−1 partially crystallizes during cooling
with a peak crystallization temperature, Tc, of 93.9 °C
whereas, in the diblock copolymer EO33

2LA67
4, for a similar

PLLA block molecular weight, the Tc is 100.6 °C, a value 7 °C
higher than that of the homopolymer. Similar results are ob-
served for the other copolymers of the same series with
higher PLLA contents (Table 2).

This trend is explained by the presence of the miscible
PEO block that promotes crystallization by a combination of
plasticizing action and heterogeneities donation that leads to
an efficient nucleating action on PLLA blocks (a more de-
tailed study of this point will be shown in section 3.2 where
self-nucleation experiments are presented). For the block
copolymer EO9

2LA91
20, the PLLA block does not crystallize

when cooling from the melt as a consequence of the high
molecular weight and relative stiffness of the PLLA block.
Only the Tg of the block copolymer is observed at 26.1 °C.

Moreover, Fig. 1.a shows that PEO block crystallization in
the copolymer is also affected by the PLLA block length. The
crystallization temperature of the PEO block is equal or
higher than the crystallization temperature of the PEO homo-
polymer of molecular weight 1.5 kg mol−1. This is a conse-
quence of the higher molecular weight of the PEO block in
the copolymers and also a consequence of the nucleating ac-
tion of PLLA crystals on the PEO chains. However, since the

system is weakly segregated or partially miscible, the stiffness
of the amorphous phase increases with PLLA content hinder-
ing PEO block crystallization. For PEO contents between 15%
to 20%, two crystallization exotherms at higher supercoolings
are observed (−25.6 °C and −5.9 °C, see Fig. 1.b for
EO17

2LA83
10) while, for EO20

2LA80
8, a small signal close to −25

°C is observed in addition to a large peak at 0.6 °C. PEO
block confinement can explain this characteristic behaviour
that is called fractionated crystallization. For PEO contents
below 10% crystallization is not observed. The term fraction-
ated crystallization means that the crystallization process
takes place in a series of isolated microdomains at different
temperatures in an independent way. It happens as a conse-
quence of the confinement of a semi-crystalline polymer that
is dispersed in a non-nucleating matrix, in which the number
of microdomains is higher than the number of active hetero-
geneous nuclei in the bulk polymer. Different domains can
contain different types of heterogeneities with variable effi-
ciency to promote crystallization at different supercoolings.
This phenomenon has been reported for immiscible and mis-
cible blends, and for melt segregated and melt miscible block
copolymers.40–44 During crystallization, fractionation as a
consequence of the molecular weight distribution of the
homopolymer or block that crystallizes takes place.40–44 Nev-
ertheless this type of fractionation happens for all 2K EO
blocks in the copolymers because the molecular weight distri-
bution of these PEO blocks is exactly the same for all sam-
ples. DSC cooling scans show that fractionated crystallization
only takes places for PEO block in block copolymers
(EO17

2LA83
10, EO20

2LA80
8) where isolated domains are gener-

ated as a consequence of composition.
In the present case, when the PEO content is low, the PEO

chain segments are isolated from the PLLA crystals (that were
formed previously templating the morphology) and from
heterogeneities active at low supercoolings and, therefore,
crystallization takes place at higher supercoolings. The PEO
block in the copolymer EO9

2LA91
20 does not crystallize be-

cause the system exhibits a high Tg of 26.1 °C, a value that is
close to the melting of PEO crystals, therefore reducing the
probability to form stable nuclei under non-isothermal condi-
tions (i.e., cooling at 10 °C min−1). Tables 2–4 summarize the
crystallization and melting temperatures, and degrees of crys-
tallinity of homopolymers and copolymers evaluated.

PEO-b-PLLA block copolymers are reported as partially
miscible or weakly segregated systems. A higher miscibility is
expected for low molecular weight block copolymers, in this
case only one Tg may be expected. The measurement of Tg by
DSC is quite complex for these block copolymers because the
melting signal of PEO block is close to the Tg signal for the
PLLA block. The complex trend for the Tg reported in Table 2
suggests that miscibility between blocks decreases with in-
creases in molecular weight. The reported Tg value corre-
sponds to the polyĲethylene oxide) rich amorphous phase for
EO29

2LA71
5, EO20

2LA80
8 and EO17

2LA83
10 block copolymers (on

the opposite composition side, for EO9
2LA91

20, the reported
Tg corresponds with the LLA amorphous rich phase).

Table 2 Thermal transitions of the LA block of PEO-b-PLLA block
copolymers

Sample Tg (°C) Tc (°C) Tm (°C)

PLLA4.6 41.7 93.9 129.4
EO50

2LA50
2 −29.1 87.6 110.6

EO33
2LA67

4 −29.5 100.6 134.9
EO29

2LA71
5 −35.7 85.9 136.2

EO20
2LA80

8 −41.8 97.6 145.1
EO17

2LA83
10 −41.6 99.8 141.2

EO9
2LA91

20 26.1 — 138.3
EO50

5LA50
5 n.d. 85.7 130.5

LA42
5EO16

2LA42
5 −29.3 101.9 141.1
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Fig. 2 shows the heating scans of all copolymers and
homopolymers. Two samples exhibit cold crystallization: the
LA4.6 homopolymer and EO9

2LA91
20 copolymer. In contrast,

the copolymers where the PLLA block molecular weights
range from 2 to 10 kg mol−1 do not exhibit cold crystalliza-
tion; the combination of nucleating activity of new heteroge-
neities (i.e., impurities transfered from the PEO blocks) and
the PEO block plasticizing action, allows the crystallization to
take place during the previous cooling, unlike the homopoly-
mer whose crystallization rate is lower.

The melting temperatures of all PEO blocks are higher
than that observed for the 1.6 kg mol−1 PEO homopolymer
(Table 3), with a slight tendency to decrease as the PEO con-
tent in the block copolymer decreases and while, in addition,
the degree of confinement promoted by PLLA crystals and
the more rigid amorphous phase increase.

In the case of the melting behaviour of the PLLA blocks
(Table 2), their melting temperatures are also higher than
that observed for PLLA. This trend is clearly seen when com-
paring samples with similar molecular weights, for example
PLLA4.6 with Tm = 129.4 °C, and EO33

2LA67
4 or EO29

2LA71
5

with Tm = 134.9 and 136.2 °C, respectively.
However, for EO17

2LA83
10 and EO9

2LA91
20 samples, the

trend is reversed and there is a decrease of Tm (relative to
EO20

2LA80
8) as expected from the confinement degree experi-

enced by the PEO blocks, which have to crystallize in a frac-
tionated fashion (EO17

2LA83
10) or from the glassy state via

cold crystallization (EO9
2LA91

20). For EO9
2LA91

20 the thermal
history is different from the other samples because all the
crystallization process takes place during the heating scan
(cold crystallization). As a consequence of the relative stiff-
ness of the PLLA block and kinetic reasons, it is not possible
for this block to crystallize from the melt during the cooling
step. For all the other samples, crystallization from the melt
is allowed as a consequence of the combination of a higher
proportion of PEO block and a lower molecular weight for
the PLLA block.

Concerning the degrees of crystallinity calculated from the
DSC enthalpies of fusion, for the PLLA block (Table 4), the
general trend is that the larger the PLLA content, the larger
Xc (with the exception of EO9

2LA91
20). Xc values calculated

from the melting peak are the sum of crystallization during
previous cooling run plus the crystallization during heating
(i.e., cold crystallization). Table 4 indicates that, often, for the
copolymers, most of the crystallization occurs in the cooling
step (except for EO9

2LA91
20). For the PEO block (Table 4), Xc

decreases with the PEO content, despite the fact that all sam-
ples have the same PEO block molecular weight, because the
PLLA block crystallizes first, followed by the crystallization of
the PEO block at lower temperatures: the higher the PLLA
content, the more difficult the crystallization of the PEO
block, that must occur within the template established by
PLLA spherulites.

Self-nucleation experiments on bulk block copolymer
samples

The above DSC results show that the presence of the PEO
block in the block copolymer enhances PLLA block crystalli-
zation. In order to study more deeply this phenomenon, self-
nucleation experiments were performed on homopolymer

Fig. 2 DSC heating scans at 10 °C min−1 for homopolymers and block
copolymers EOx

yLAx
y after cooling scans presented in Fig. 1.

Table 3 Thermal transitions of the EO block of PEO-b-PLLA block
copolymers

Sample Tg (°C) Tc (°C) Tm (°C)

PEO1.5 −63.4 −5.2 38.5
PEO4.6 −53.0 40.7 58.5
EO50

2LA50
2 −29.1 17.9 44.6

EO33
2LA67

4 −29.5 4.6 43.0
EO29

2LA71
5 −35.7 10.5 45.6

EO20
2LA80

8 −41.8 −25.0; 0.6 44.3
EO17

2LA83
10 −41.6 −25.6; −5.9 44.8

EO9
2LA91

20 26.1 — —
EO50

5LA50
5 n.d. 28.2 53.0

LA42
5EO16

2LA42
5 −29.3 — —

Table 4 Degree of crystallinity determined by DSC

Sample

PLLA block PEO block

Xc
a (%) Xc

b (%) Xc
a (%) Xc

b (%)

PLLA4.6 30 54
PEO1.5 75 69
PEO4.6 90 79
EO50

2LA50
2 20 20 47 55

EO33
2LA67

4 20 27 27 28
EO29

2LA71
5 21 22 22 25

EO20
2LA80

8 50 57 4.4 11
EO17

2LA83
10 53 59 0.2 7.1

EO9
2LA91

20 — 24 — —
EO50

5LA50
5 35 26 70 73

LA42
5EO16

2LA42
5 49 54

a Degree of crystallinity calculated considering the crystallization
enthalpy. b Degree of crystallinity calculated considering the melting
enthalpy.
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LA4.6 and block copolymer EO33
2LA67

4 of similar PLLA block
lengths, as shown in Fig. 3 and 4.

Fig. 3 shows the DSC cooling scans after the self-
nucleation of LA4.6 at 170 °C, and at several Ts temperatures
between 146 to 130 °C for 3 min. When the self-nucleation
temperature (Ts) is 170 or 146 °C, the crystallization tempera-
ture remains the same.

This behaviour indicates that the concentration of hetero-
geneous nuclei remains constant in that temperature range
and this defines Domain I or the heterogeneous nucleation
domain according to Fillon et al.26,45

An increase in the crystallization temperature is observed
after self-nucleation in the 142-130 °C range as shown in
Fig. 3 (cooling traces at Ts values of 134, 132, 131, 130 °C).
Fig. 4 shows the subsequent melting traces after the cooling
scans presented in Fig. 3. Analyzing the results of Fig. 3 and
4, the assignment of the DSC traces to DII or DIII was made,
as samples in Domain III exhibit melting of annealed crys-
tals. In Domain II, the exponential increase in nucleation
density produced by self-seeding induces higher crystalliza-
tion temperature (Fig. 3). The temperature interval of Ts
values between 142 and 132 °C) belongs to Domain II or self-
nucleation domain26 However, at Ts values of 130 and 131
°C, an additional change is observed: in the heating curves
(Fig. 4), a new melting signal appears at higher temperatures.
This new melting endotherm is related to the melting process
of the crystals whose thickness increases during the isother-
mal treatment of 3 min at Ts. The size of this new signal in-
creases as the amount of annealed crystals increases. It is
small at Ts = 131 °C but larger at 130 °C. Above Ts = 131 °C,
only slight changes in the shape of the traces are observed.

The same type of experiments was performed for
EO33

2LA67
4, with similar results, except that the small

annealing peak at high temperatures was found for a Ts of
136 and 137 °C instead of 130 and 131 °C. The shift of the
transition from Domain II to Domain III to higher tempera-
tures in the EO33

2LA67
4 copolymer relative to the LA4.6 homo-

polymer is due to the higher melting point of the PLLA block
crystals in the copolymer, which therefore have the ability to
anneal at higher temperatures.

Self-nucleation experiments can be used to evaluate the ef-
ficiency of a nucleating agent in a polymer. Fillon et al.45

designed a scale for measuring the nucleation efficiency (NE)
of heterogeneities through eqn (1):

(1)

where TcNA is the crystallization temperature in presence of
the nucleating agent, Tc the crystallization temperature with-
out nucleating agent or self-nucleation, and TcSN the crystalli-
zation temperature after ideal self-nucleation or self-
nucleation obtained with the lowest Ts temperature of Do-
main II.

Eqn (1) has been used in the literature to quantitatively
compare the changes in crystallization temperatures when
nucleating agents are added to a homopolymer. In this work,
a comparison between the PLLA homopolymer and the PLLA
block in the copolymer was done, where the heterogeneities
donated by the PEO block act as the nucleating agent. To cal-
culate NE, the following values were considered: TcNA was
taken as 100.3 °C (Table 2) for the EO33

2LL67
4 block copoly-

mer and Tc = 93.9 °C (Table 2) for the homopolymer. After
self-nucleation at 132 °C, the TcSN observed for the homopoly-
mer is 113.1 °C (Fig. 1.a and 3) leading to a nucleation effi-
ciency of 33% by the incorporation of the PEO block in the
copolymer. This efficiency is comparable with a value of 32%
obtained when 1% of talc is added to PP.45 The nucleation ef-
ficiency was calculated assuming the simplest situation: that
the covalent linkage between both blocks does not affect the
crystallization. Nevertheless, nucleation and antinucleation
effects have been reported. In addition coincident, sequential
and fractionated crystallization have been observed in block
copolymer with two or more crystallizable blocks.4,6,42–44,46,47

Fig. 3 Self-nucleation experiments for LA4.6: cooling scans at 10 °C
min−1. DI, DII and DIII mean Domain I, Domain II and Domain III,
respectively.

Fig. 4 Self-nucleation experiments for LA4.6 heating scans at 10 °C
min−1. DI, DII and DIII mean Domain I, Domain II and Domain III,
respectively.
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Xu et al.,29 Zhang et al.,30 Reiter and Sommer31,32 also report
interesting results using self-nucleation and self-seeding
techniques.

Thin films morphology by AFM

The solid-state morphology of the copolymers was studied in
films having thicknesses between 10 and 15 nm as deter-
mined by ellipsometry. Isothermal treatments were
conducted at 100 and 110 °C for several hours to promote
the crystallization of the poly (L-lactide) block, followed by
storage at room temperature where the PEO block can crystal-
lize. Reiter and Sommer reported fingerlike branched crystal
patterns with a characteristic width w that resulted from iso-
thermal crystallization at temperatures (Tc) below the melting
point (Tm) for polyethylene oxide. They demonstrate that PEO
can crystallize, even if it is adsorbed onto a solid surface or
confined in thin films. The process is controlled by the crys-
tallization energy and the diffusion process on the surface. It
may be called annealed diffusion-limited aggregation.31,32

Fig. 5 shows the crystal morphology obtained after an iso-
thermal crystallization from the melt for 3 h at 110 °C and af-
ter the samples were stored at room temperature. All copoly-
mers exhibit single crystal type morphologies.

Surprisingly, crystals with sharper edges are obtained for
the copolymers containing less than 80% PLLA, whereas
those with 80% or more PLLA show ill-defined boundaries.
As shown in Fig. 5, EO33

2LA67
4 shows a lozenge shape (with

multilayers) whereas EO29
2LA71

5 exhibits simultaneously loz-
enge and truncated lozenge shapes. Crystals with well-
defined {110} and {100} facets are usually obtained at low
crystallization temperatures from solution.48,49

In contrast, EO20
2LA80

8, EO17
2LA83

10 and EO9
2LA91

20 copol-
ymers exhibit distorted lozenge shape crystals (Fig. 5c–e); in
addition, EO9

2LA91
20 shows a twin crystal morphology

(Fig. 5e). As discussed earlier, the PEO block acts as a solvent
or plasticizer for the PLLA block during the crystallization
process. Therefore, after crystallization from the melt,
lozenge-shaped single crystals of PLLA are obtained in sam-
ples containing a fair amount of PEO (the angles between
facets will be discussed below). It should be noted that the
EO50

2LA50
2 copolymer does not crystallize at 110 °C.

Single crystals are usually obtained from solution crystalli-
zation; more recently, in thin films and using high crystalliza-
tion temperatures, lozenge crystals have been observed in
several homopolymers and block copolymers. In this case,
segments of chains with shorter stereo-sequences and/or low
molecular weight chains act as a solvent for the longest
stereo-sequences. In PEO-b-PLLA block copolymers, several
authors have reported single crystal morphology from the
melt.12–14,20,22

In this work, single crystal morphologies for PLLA blocks
are observed at several copolymer compositions; and the
presence of the PEO block acting as a plasticizer enhances
this possibility. Therefore, more regular crystals are obtained
for block copolymers with a high PEO content. In addition, if
the molecular weight of the PLLA block is not too high, the
entanglement density should be low and the PLLA block
chains should diffuse more easily to the growth front. On the
contrary, when the molecular weight of the PLLA block in-
creases and the entanglement density is larger, the single
crystals obtained are less regular, more distorted, and their
size and their number are smaller.

A detailed examination of Fig. 5a and b shows the pres-
ence of a new layer on the edge of the crystals for EO33

2L67
4

and EO29
2L71

5 block copolymers (see arrows in the AFM
micrographs), which is not seen for the more asymmetric
block copolymers containing less PEO (Fig. 5d and e). This
observation suggests that the PEO block crystallization
mainly takes place in the more symmetric block copolymers
thin films in accordance to the DSC results of the bulk poly-
mers (Table 4) that show a very low degree of crystallinity for
EO20LA80 and EO17LA83. For highly asymmetric copolymers,
the PEO block crystallization is double hindered as a conse-
quence of mobility restrictions of the PEO block chains that
are covalently linked to previously crystallized PLLA chains
(into lozenge shaped crystals) and additional restrictions im-
posed by the film thickness. In the bulk, without thickness
restrictions, the PEO block can crystallize in a wider range of

Fig. 5 AFM height images of lamellar crystals obtained for the
indicated block copolymers after isothermal crystallization at 110 °C
for 3 hours followed by storage at room temperature.

Fig. 6 AFM height images of lamellar crystals obtained for blends
between block copolymers and PEO homopolymer after isothermal
crystallization at 110 °C. The whole PEO content in both blends is 33%.
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compositions that includes the EO17
2LA83

10 block copolymer
(Table 3).

As mentioned above, single crystals of EO17
2LA83

10

(Fig. 5d) and EO9
2LA91

20 (Fig. 5e) copolymers exhibit an irreg-
ular appearance. In order to promote the formation of more

regular crystals with sharp edges, films were prepared from
mixtures of each copolymer with PEO homopolymer in order
to adjust the overall composition of the systems to 33% PEO
content and 67% PLLA content. Fig. 6a and b show AFM im-
ages of the crystals formed using blends of EO17

2LA83
10 and

Table 5 Measured and calculated thicknesses for several layers in PEO-b-PLLA block copolymers after isothermal crystallization at 110 °C

Sample

Maximum length of
each block

Sample
thickness

Overall crystal thickness
measured

LA crystal layer thickness
calculated

EO rich highly amorphous layer
thickness calculated

(nm) (nm) (nm) (nm) (nm)

EO33
2LA67

4 13-b-16 13 12 ± 3 7.6 2.2
EO29

2LA71
5 13-b-20 9 12 ± 3 8.2 1.9

EO20
2LA80

8 13-b-32 13 10 ± 2 7.8 1.1
EO17

2LA83
10 13-b-40 16 10 ± 2 8.0 1.0

EO9
2LA91

20 13-b-80 15 10± 2 9.0 0.5
LA42

5EO16
2LA42

5 20-b-13-b-20 13 12 ± 4 9.8 1.1
LA4,6 20 16 10 ± 1 — —

Fig. 7 Evolution of semi-crystalline structure with temperature for EO50
5LA50

5 diblock copolymers. Frames 7.a.1, 7.a.2 and 7.a.3 show images
obtained after 3 h at 100 °C; frames 7.b.1, 7.b.2 and 7.b.3 show images obtained after 3 h at 100 °C + 18 h at 30 °C. Frames 7.c.1 and 7.c.2 show
AFM height traces: the first one in green color is the trace after crystallization at 100 °C. The second one in blue shaded color is the trace after the
two steps of crystallization 100 °C + 18 h at 30 °C. Frames 7.d.1 and 7.d.2 are schematic cartoons (green color PLLA block chains and crystals;
blue color PEO block chains and crystals).
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EO9
2LA91

20 block copolymers with PEO homopolymer, respec-
tively. They are lozenge-shaped and truncated lozenge-shaped
single crystals, very similar to those observed in Fig. 5a and b
for EO33

2LA67
4 and EO29

2LA71
5, respectively. The disappear-

ance of the distortions in the crystals by PEO addition is in-
dicative of the effectiveness of the PEO component within the
copolymers, to obtain crystals similar to those observed in
crystallization from solution. This emphasizes the fact that
PEO acts as a plasticizer that favours the regular crystalliza-
tion of the PLLA block

The angle reported in PLLA lozenge-like crystals between
the {110} faces,49 when crystallized in the α form, is 120°, a
value similar to that observed (i.e., 117°) for EO33

2LA67
4 crys-

tals (Fig. 5a). However, for the block copolymers with higher
PLLA contents, the angles between the facets are close to
140° (Fig. 5b–d). After the addition of PEO homopolymer, the

angle between the faces becomes 111° in EO17
2LA83

10 and
121° in EO9

2LA91
20 (Fig. 6a and b). Moreover, in the distorted

crystal, the edges tend to be irregular but, after the incorpora-
tion of a higher content of PEO by blending, these edges be-
come straighter.

From Fig. 5a–e, the thickness of the single crystals covered
by the PEO block can be measured by AFM (at room tempera-
ture). Table 5 shows these values, along with the length of each
crystallizable block, which depends on the molecular weight
and type of crystalline structure, and the thickness of the films
measured by ellipsometry. The PLLA single crystals are likely
covered or sandwiched by two layers that are richer in the PEO
block covalently bound to the PLLA chains. Depending on the
block length and storage conditions, these layers may be
completely amorphous (PEO and PLLA chains) or partially crys-
talline PEO structure mixed with amorphous PEO and PLLA

Fig. 8 Evolution of semi-crystalline structure with temperature for EO33
2LA67

4 diblock copolymers. Frame 8.a shows images obtained after 3 h at
100 °C + 18 h at 30 °C; frame 8.b shows images obtained after 3 h at 100 °C + 18 h at 30 °C + 3 min at 70 °C. Frame 8.c shows AFM height
traces: the first one in blue shaded color is the trace after the two steps of crystallization 100 °C + 18 h at 30 °C; the second one in green color is
the trace after the following thermal treatment 100 °C + 18 h at 30 °C + 3 min at 70 °C min, the last step induces the melting of PEO crystals.
Frame 8.d shows image obtained after 3 h at 100 °C; frame 8.e and 8.f show images obtained after 3 h at 100 °C + 3 h at 30 °C (height and
amplitude respectively); frame 8.g shows four AFM height traces: the first one after treatment at 100 °C, second one at the beginning of 30 °C
treatment, third one after 2 h 45 min at 30 °C, and the fourth one at 70 °C in order to melt the EO crystals. Frame 8.h shows two AFM height
traces: the first one in blue shaded color is the trace after the two steps of crystallization 100 °C + 18 h at 30 °C; the second one in green color is
the trace after the following thermal treatment 100 °C + 18 h at 30 °C + 3 min at 70 °C min.
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chains. The total measured thickness of the PLLA structure sin-
gle crystal is between 10 and 12 nm in all cases.

Applying the equation proposed by Chen et al.50 (eqn 2),
the reported thickness determined by AFM in Table 5 can be
decomposed into three components: the PEO block rich layer
which is in contact with the substrate, the single crystal
formed by the PLLA chains (d*PLLA), and a second PEO block
rich layer on top of the crystal. To calculate the thickness of
the PLLA single crystal (d*PLLA), using the total thickness of
the covered structure (doverall), eqn (2) was used:

(2)

where MPLLA
n is the PLLA block number-average molecular

weight, Wc
PLLA the PLLA crystalline weight fraction, ρcPLLA the

PLLA crystalline density (1.290 g cm−3),23 Wa
PLLA the PLLA

amorphous weight fraction, ρaPLLA the PLLA amorphous den-
sity (1.248 g cm−3),21 MPEO

n the PEO block number-average
molecular weight, and ρPEO the PEO amorphous density
(1.124 g cm−3).23 From this calculation, the thickness of the
PLLA crystal is between 8 and 10 nm, and each PEO rich layer
is between 1 and 2 nm (Table 5). A comparison between the
PLLA crystallizable block length and the computed crystal
thickness indicates that the PLLA chains are folded inside
the lozenge shape crystals and the number of folds increases
with the molecular weight of the PLLA block, as expected.
The calculated value is an average value. Nevertheless, Xu
et al.29 claimed that lamella are always thicker in the centre

region than at the growth front. In addition, heterogeneities
in crystal thickness do not disappear with time or with the
age of the crystal. Zhang et al.30 studied polyethylene single
crystals consisting of folded chains that are always in a
nonequilibrium state, even if they are faceted. For low-
molecular weight polyethylene the formation of the well
known “Swiss-cheese” like morphology with randomly dis-
tributed holes of varying sizes within the annealed single
crystal was observed. Hong et al.51 showed the capabilities of
solid state NMR and isotope labeling for revealing: chain tra-
jectory in melt and solution-grown crystals; conformation of
the folded chains in single crystals, self-folding in the early
stage of crystallization and unfolding of the folded chains un-
der stretching.

AFM study with variable temperatures

In order to elucidate more clearly the type of structure
formed by the PEO block after PLLA thin films crystallization,
AFM tests were performed, using a hot stage, and two steps
of isothermal crystallization were applied to each sample: a
first step at 100 °C to promote the crystallization of the PLLA
block, and a second step at 30 °C to promote the crystalliza-
tion of the PEO block. After both blocks were isothermally
crystallized in sequence, they were heated, using the AFM hot
stage, to 70 °C to melt the PEO block crystals. When heating
the samples, it is also possible that PLLA folded crystals are
annealed. Fig. 7–9 present the changes in morphology and
thickness of the samples as a function of temperature for sev-
eral compositions.

Fig. 7 shows, for block copolymer EO50
5LA50

5, AFM images
of the crystals formed after each crystallization step was ap-
plied. Lozenge-shaped crystals were obtained at 100 °C (Fig.
7.a.1, a.2 and a.3) and a new layer (most probably a PEO crys-
talline layer) appeared nucleated on the edges of the lozenge-
shaped PLLA crystals after 15 h of crystallization at 30 °C
(Fig. 7.b.1, b.2 and b.3, see arrows).

The traces shown in Fig. 7.c.1 and c.2 indicate that the ini-
tial crystal (in green) had a thickness of 18 nm, while the ad-
ditional treatment at 30 °C lead to a shallow step (shaded in
blue) with a thickness of about 12 nm. Fig. 7.d.1 and d.2 are
schematic cartoons that represent in green color PLLA block
chains and crystals and in blue color PEO block chains and
crystals. PEO crystals probably grew at the edge and top of
the pre-existing PLLA crystals.

Cheng et al.52,53 claimed on the basis of time-resolved syn-
chrotron small-angle X-ray scattering (SAXS) and differential
scanning calorimetry (DSC) experiments that non integral-
folding chain (NIF) crystals form in low molecular weight
polyĲethylene oxide) (PEO) fractions. These crystals grow first
as a transient state, and integral-folding chain (IF) crystals
form later through an isothermal thickening or thinning pro-
cess. Hong et al.51 showed the capabilities of solid state NMR
and isotope labeling for revealing: chain trajectory in melt
and solution-grown crystals; conformation of the folded
chains in single crystals, self-folding in the early stage of

Fig. 9 Evolution of semi-crystalline structure with temperature for
EO20

2LA80
8 diblock copolymers. Frame 9.a. shows the height images

obtained after 3 h at 100 °C + 15 h at 30 °C; frame 9.b. shows the
height images obtained after 3 h at 100 °C + 15 h at 30 °C + 70 °C;
frame 9.c shows two AFM traces: the first one in blue shaded color is
the trace after crystallization at 100 °C and 30 °C; the second one, in
green, was obtained after heating the sample at 70 °C in order to melt
the PEO crystals.
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crystallization and unfolding of the folded chains under
stretching.

For block copolymer EO33
2LA67

4, two series of experiments
are shown in Fig. 8. In Fig. 8.a a combination of lozenge-
shaped PLLA crystals with second PEO layers were obtained
after the two isothermal steps were performed (first at 100 °C
and then at 30 °C).

Fig. 8.b shows the morphology after heating to 70 °C to
promote the melting of PEO crystals. Fig. 8.c shows evidences
of changes in the cross sections of the films with tempera-
ture. During the isothermal step at 70 °C (melting step for
PEO crystals), a reduction in the width or transversal section
of the layer at both edges takes place (green trace vs blue
shadow trace) as well as in the fold surface of the PLLA loz-
enge shape crystal.

Fig. 8.d shows the PLLA lozenge shape crystal for PLLA
block at 100 °C. Fig. 8.e and f correspond to the EO33

2LA67
4

height and amplitude images at room temperature after the
two steps of isothermal crystallization respectively (the pres-
ence of a new structure is indicated by an arrow, being
clearer in the amplitude image).

Subsequent heating to 70 °C illustrates that the structures
formed at 30 °C disappear or change when the sample is
heated to 70 °C (see evolution of AFM height traces in Fig. 8.
g and h). This behaviour can be interpreted as the melting of

Fig. 11 Electron diffraction pattern for PEO33
2LA67

4 block copolymer
after two types of isothermal crystallization as in Fig. 10.

Fig. 10 TEM observations of single crystals and dendritic crystals for PEO-b-PLLA block copolymers, that are far from the 120° value expected for
lozenge PLLA type crystals with {110} growing faces. Smaller lozenge shaped crystals, found on top of the lenticular crystals, are constructed by
screw dislocations and exhibit 129° angles, a value closer to the 120° reported for PLLA single crystals. The edges of the single crystals tend to be
smooth and no striations were observed on their surface. a) EO50

5LA50
5, b) EO50

5LA50
5, c) EO50

2LA50
2, and d) EO33

2LA67
4. The magnification is

different from one image to the other and is indicated by a scale bar.
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small dendritic crystals of the PEO block when the sample is
heated (TEM results in section 3.5 will show more clearly the
characteristics of the PEO block crystals). The changes in the
profile of the sample are related to rearrangement processes
of PLLA block crystals when temperature is increased and to
the melting of PEO dendritic crystals. Similar evidence was
obtained with EO29

2LA71
5 (not shown here). Fig. 9 also shows

the crystallization of the PLLA block within EO20
2LA80

8 (a co-
polymer richer in PLLA than previous samples). In this case,
the observed structures are lozenge-shaped crystals after the
two isothermal crystallization steps (100 °C + 30 °C). In fact,
very similar structures are observed when heating the sample
to 70 °C (Fig. 9.a vs. b). Fig. 9.c does not show a significant
change in the height trace or lateral dimensions during the
isothermal step at 30 °C, or after heating to 70 °C. Therefore,
the PEO block must be completely amorphous in this case at
all the temperatures evaluated.

TEM study after isothermal crystallization

Fig. 10 shows TEM images obtained after a two step crystalli-
zation process for samples EO50

5LA50
5, EO50

2LA50
2 and

EO33
2LA67

4. For EO50
5LA50

5, the sample was isothermally crys-
tallized for 3 h at 100 °C followed by 18 h at 5 °C. A complex
structure is observed with two types of crystals (Fig. 10.a): the
first ones are multilayered lozenge-shaped PLLA single crys-
tals; the second ones are dendritic crystals nucleated at the
edge of the PLLA crystals, as well as small dendritic-like
structures on the top surface of the lozenge PLLA single crys-
tals. The dendritic crystals are probably formed by the PEO
block chains during the crystallization process at 5 °C, after
the PLLA block crystallization took place at 100 °C. However,
the lateral length of the dendritic crystals is of the order of a
few microns. The degree of crystallinity obtained by DSC for
the bulk PLLA block and PEO block are 35 and 73%,
respectively.

Therefore, PEO dendritic crystals are probably composed
by PEO chains that are covalently linked to PLLA chains be-
longing to both crystallized PLLA and amorphous PLLA
blocks. The contribution of both types of molecules can ex-
plain the large lateral length of PEO dendritic crystals.

The shape of the largest PLLA structure is lenticular. This
type of growth is reported for the case of single crystals of
polyethylene and polyesters in good solvents or when using
low supercoolings.54–56 It is due to a faster growth rate of the
{100} face as compared to that of the {110} faces and, in
Fig. 10.a, it is reflected by angles between growing faces of
151°.

Fig. 10.b shows a TEM micrograph for EO50
5LA50

5, after
the sample was isothermally crystallized for 3 h at 100 °C,
followed by 18 h at 30 °C. In this case, fewer dendritic crys-
tals are observed for the PEO block, as compared to Fig. 10.a
where the isothermal crystallization temperature for the PEO
block was much lower (5 °C).

Fig. 10.c shows a similar morphology to that of Fig. 10.a,
and corresponds to a lower molecular weight copolymer, i.e.,

EO50
2LA50

2 (the crystallization conditions were 90 °C for 3 h
and 5 °C for 18 h). Again, the PLLA block structures observed
are lenticular-shaped, lozenge-shaped and lozenge-
multistage-shaped crystals, and the PEO block exhibits a den-
dritic structure. These structures grow on top of the basal
surface of the PLLA block crystals and, in adjacent areas, at
the edges of the PLLA crystals. For the EO33

2LA67
4 block co-

polymer, Fig. 10.d shows lozenge-shaped crystals after iso-
thermal crystallization for 3 h at 100 °C and 18 h at 30 °C.
Here, no evidences of dendritic PEO crystals are observed.
Nevertheless, Fig. 11 shows the electron diffraction pattern of
EO33

2LA67
4 containing six spots with hexagonal symmetry,

corresponding to the PLLA crystal pseudo-orthorhombic α

phase (a = 1.06 nm, b = 0.6 nm, c = 2.88 nm (ref. 57)) as well
as four weaker spots corresponding to the reflection of the
PEO block monoclinic crystals (a = 0.805 nm, b = 1.304 nm, c
= 1.948 nm and β = 125.4° (ref. 58)). The PEO block signals
have the forms of small arcs which can be attributed to the
presence of small crystals with different orientations.

Conclusions

The effect of composition and crystallization conditions on
the behavior of double crystalline poly (ethylene oxide-b-L-
lactide) (PEO-b-PLLA) diblock copolymers was evaluated. The
PEO block was kept constant at 2 kg mol−1, the molecular
weight of the polyĲL-lactide) PLLA block ranges from 2 to 20
kg mol−1 and its content in the synthesized copolymers varies
from 50 to 91%.

The DSC study of the crystallization process of the double
crystalline diblock copolymers PEO-b-PLLA in the bulk
allowed the observation of a complex interaction: 1. PEO
blocks exert a synergistic combination of heterogeneities do-
nation and plasticizing action on the PLLA block crystalliza-
tion.2 PLLA blocks exert two opposing effects over PEO block
crystallization: a nucleation action over PEO block crystalliza-
tion and also topological and geometrical constraints for PEO
block crystallization. When PEO contents are between 29 and
50% the contribution of nucleation action is the most impor-
tant for PEO block crystallization. For copolymers with PEO
content equal or below 20%, the topological and geometrical
constraints are the most important contribution.

Morphological study in thin films by AFM and TEM of iso-
thermal crystallization from the melt shows PLLA lozenge
shaped crystals. Nevertheless, the amount of PEO in the sys-
tem affects the shape of the single crystals. The better de-
fined PLLA lozenge shaped crystals are observed in block co-
polymers with PEO contents between 29 and 50%. The PEO
block acts as a diluent for the PLLA crystallization process.
Block copolymers with PEO contents equal or smaller than
20% form distorted PLLA single crystals when crystallized
from the melt. However, upon increasing the PEO content in
the system to 33% (by blending or copolymerization), the dis-
tortions disappear and the angle between the {110} growth
faces changes from 140° to 121°; PEO incorporation can
therefore tailor the rate and morphology of PLLA block
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crystallization. In addition, TEM and AFM studies of the iso-
thermal crystallization of a series of PEO-b-PLLA block copol-
ymers allowed the observation of PLLA single crystals and
PEO dendritic crystals on the folding surface and edges of
the PLLA single crystals. The morphology therefore consists
of a central structure of lozenge-shaped PLLA crystals
sandwiched by a semi-crystalline layer of PEO dendritic crys-
tals and mixed or partially miscible amorphous regions.
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