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Abstract

Well defined polyethylene-b-polystyrene (PE-b-PS) diblock copolymers have been synthesized by anionic polymeriza-
tion in a wide composition range, keeping the length and the microstructure of the PE block constant. These copolymers
provide a model system to study the confined crystallization of PE. A fractionated crystallization behavior (i.e., multiple
exotherms are observed upon cooling from the melt) was observed for the PE block within block copolymers with 26% and
11% PE (i.e., EZGS%S and E“sgg“ diblock copolymers, where the subscripts indicate the composition in wt% and the super-
script the molecular weight in kg/mol). For confined PE, annealing is always observed when the material is self-nucleated.
In the case of EIIS§‘;4, most of the PE spheres crystallize at very large supercoolings, a behavior previously reported in the
literature and associated with homogeneous nucleation. However, in our case, the peak crystallization temperature (i.c.,
T. = 46.6 °C) is much lower (16 °C) than that reported for similar size PE nano-droplets but in diblock copolymer whose
second block is chemically different to PS. We therefore conclude that the nature of the interphase between the two neigh-
boring blocks may be responsible for such low temperature nucleation, since this 7% is still quite high with respect to the
vitrification temperature of PE (in comparison with other polymers whose homogeneous nucleation temperature has been
found close to T,), a fact that could indicate that the homogeneous nucleation temperature has not been reached because
surface (or interfacial) effects can dominate. Thermal fractionation takes advantage of the distribution of methyl sequence
length in hydrogenated polybutadiene in order to produce by successive thermal annealing a distribution of lamellar thick-
ness within each PE block. Such a distribution of thermal fractions is affected by confinement and therefore these exper-
iments demonstrate the influence of morphological restrictions on the crystallization of the PE block within the PE-5-PS
diblock copolymers. As the PE content in the copolymer decreases, topological confinement effects limit the size of the
lamellar crystals that can be formed within the reduced dimensions of the microdomains (MD). By the use of the
Gibbs-Thomson equation and the thermal fractionation results, a distribution of crystalline lamellar thickness within each
MD was obtained and the orientation of the chains within the MD was deduced.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Diblock copolymers present a neat way to produce
controlled dispersions of isolated cylinders or spheres
that serve as a model to study nucleation and crystal-
lization of confined micro- or nano-domains. The
crystallization of block copolymers with one or more
crystallizable blocks is a subject that has attracted
much recent attention [1-37]. The structure formation
during crystallization from a microphase-separated
melt is related to whether or not the self-assembly is
disrupted by crystallization. The microdomain can
change its shape (if crystallization overrides the phase
separated morphology), or it can be maintained
during crystallization (strong confinement). In block
copolymers with a glassy amorphous component,
crystallization may not be able to disturb the micro-
phase structure in those cases where strong segrega-
tion between the components exists and vitrification
of the amorphous block occurs at temperatures well
above the crystallization temperature of the adjacent
block. When a crystallizable block is subdivided into
isolated microdomains (MDs), whose number is
significantly greater than the number of usually ac-
tive heterogeneities, the crystallization process occurs
in several exotherms at discrete temperatures upon
cooling from the melt, a process that has been termed
fractionated crystallization phenomenon, and that
could in some cases lead to exclusive homogeneous
nucleation [3,10,12,15,16,18,21-23,25,29,32,35,36].
The fractionated crystallization process has been
reported in diblock copolymers [3,12,15,16,18,21—
23,38,39], polymer blends [41-50] and more recently
in triblock terpolymers [2,3,10,24,25,27,35,36]. The
common occurrence of the fractionated crystalliza-
tion phenomenon for a wide range of diblock and tri-
block copolymers has been recently reviewed [3,21].
The self-nucleation technique can be useful to study
confined crystallization and was first applied by
DSC to polymers by Fillon et al. [51]. In a self-nucle-
ation (SN) experiment, a polymer with an initial crys-
talline “‘standard” state is heated up to a given
temperature, denoted self-nucleation temperature
(Ty). If T, 1is high enough to melt most of the polymer
except for a certain amount of crystal fragments,
recrystallization takes place upon subsequent cool-
ing, using as nuclei those crystallographically “ideal”
seeds which are left unmolten. When T is lower,
partial melting is achieved and a large population
of crystals is not melted and therefore anneals during
heat treatment at 7. Normally, three self-nucleation
Domains can be ascribed to bulk crystallizable poly-

mers depending on the applied 7. In Domain I or
“complete melting Domain”, the crystallization
temperature (7;) upon cooling from 7§ remains con-
stant and no self-nucleation can be detected. Domain
II or “self-nucleation Domain” occurs when heat
treatment at 7 causes a shift in crystallization tem-
perature (during subsequent cooling from T) to
higher temperatures with decreasing self-nucleation
temperature. Finally, in Domain III or “self-nucle-
ation and annealing Domain”, annealing and self-
nucleation take place simultaneously [51]. In block
copolymers, factors like the volumetric fraction and
degree of segregation affect the type of confinement
and therefore modify the self-nucleation behavior.
In case of AB and ABC block copolymers, the
absence of the exclusive self-nucleation domain
(Domain II) has been observed in systems where the
crystallizable component (i.e., polyethylene, PE,
poly(ethylene oxide), PEO or poly(g-caprolactone),
PCL) is confined and isolated in nanometer scale
length MDs like cylinders and spheres [3,21,25,27,
35,52].

The successive self-nucleation/annealing tech-
nique (SSA) is essentially a thermal fractionation
method that is based on the sequential application
of self-nucleation and annealing steps to a polymer
sample. After thermal conditioning, as explained in
Section 2, a final DSC heating run reveals the distri-
bution of melting points induced by the SSA treat-
ment as a result of the heterogeneous nature of
the chain structure of the polymer under analysis
or of the topological restraining upon the crystalli-
zation process in block copolymers samples. The
SSA technique has been reviewed recently [53].

In this work, we study the thermal behavior of
the crystallizable block within polystyrene-b-poly-
ethylene linear AB diblock copolymers whose PE
block length is kept constant. Through a systematic
variation of PS content in the copolymers, the con-
finement effect of the strongly segregated PS phase
on the PE phase is studied. Furthermore, this work
demonstrates the usefulness of the SSA technique to
study confinement effects induced by a glassy PS
block on the crystallization and melting process of
the covalently bonded PE block.

2. Experimental
2.1. Synthesis

Solvents and monomers for anionic polymeriza-
tion were purified according to common procedures
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described elsewhere [1,24,54,55]. The synthesis of
poly(1,4-butadiene)-block-polystyrene diblock co-
polymers (PB-5-PS) and poly(1,4-butadiene) (PB)
homopolymer was accomplished by sequential
anionic polymerization of butadiene and styrene in
benzene at 60 °C for butadiene (3 h) and 40 °C for
Styrene (5 h) using sec-BuLi as initiator. The reac-
tion was terminated using isopropanol followed by
precipitation in the same solvent. We will employ
the notation: AXB;", where the subscript numbers
denote the mass fraction in weight percent and the
superscript gives the number-averaged molecular
weight M, in kg/mol of the entire block copolymer
(see Table 1). The synthesis process for all the
diblock copolymers was designed in order to obtain
a PB block in the block copolymers with the same
molecular weight and the same content of 1.2 units
as in the PB homopolymer (see Table 1).

2.2. Hydrogenation

The polyethylene-b-polystyrene diblock copoly-
mer (PE-b-PS) and PE homopolymer (PE) were ob-
tained by hydrogenation of the corresponding
precursors PB-h-PS and PB. Homogeneous catalytic
hydrogenation was carried out in degassed toluene
(1.5-2 wt% solution of the polymer) at 60 °C and
60 bar H, pressure for three days using a Wilkinson
catalyst (PhsP);Rh(I)Cl (Aldrich, 1 mol% with re-
spect to the number of double bonds of the PB
block). Under the employed conditions the PB
block gets completely hydrogenated as revealed by
'"H NMR (Bruker AC 250 spectrometer, results
not shown). Purification was accomplished by pre-
cipitation into isopropanol. Further purification
was performed in order to remove residual Wilkin-
son catalyst by refluxing the homopolymer or block
copolymer solution in toluene with a small amount
of concentrated hydrochloric acid, again followed
by precipitation into isopropanol.

Table 1
Characteristics of the samples employed

Original M, (kg/mol) % 12 My/M, Copolymers
copolymers butadiene units after
block hydrogenation
PB* 24.4 1.0 1.01 PE*
BsS3 31.0 126 1.02 E7S3
Bs1S3 26.4 113 1.04 Es3S3
BysSi® 26.4 113 1.05 Ep6SLY
By S 27.6 113 1.02 E; S

2.3. Differential scanning calorimetry (DSC)

The PE-H-PS diblock copolymers and the PE
homopolymer were analyzed with a Perkin—Elmer
Pyris 1 instrument calibrated with cyclohexane
and indium under high purity nitrogen atmosphere.
The DSC scans were obtained at 10 °C/min using a
sample mass between 7 and 10 mg. All DSC cooling
curves were recorded after the samples were held in
the melt at 140 °C for 3 min in order to erase all
previous thermal history. The crystallization and
melting enthalpies values were normalized with re-
spect to the PE fraction in the block copolymers.
More complex thermal treatments, like self-nucle-
ation (SN) and successive self-nucleation and
annealing (SSA), were employed and are described
below.

2.3.1. Self-nucleation experiments (SN)

The self-nucleation and annealing experiment
using DSC was originally applied by Fillon et al.
[51] to isotactic polypropylene (PP). These experi-
ments involved the partial melting of a crystalline
“standard” state followed by recrystallization using
as nuclei the crystal fragments produced in the par-
tial melting stage. The detailed procedure used here
is described as follows:

(a) Erasure of any previous thermal history by
heating the sample up to 140 °C for 3 min.
This step erases all crystalline memory of the
material as far as the dynamic experiments in
the DSC are concerned. In other words, only
temperature-resistant heterogeneous nuclei
remain and upon subsequent cooling, the
polymer will always crystallize at the same
peak crystallization temperature (if the same
cooling rates are used). The last observation
suggests that the nucleation density remains
constant under these conditions.

(b) Creation of a ‘“standard” thermal history by
cooling at a rate of 10 °C/min to 0 °C. This
step insures that the crystallization of the
polymer under investigation occurs under the
same dynamic conditions.

(c) Heating at 10 °C/min up to a self-nucleation
temperature, that shall be termed 7 from
now on. The thermal conditioning at T is per-
formed for 5 min. The distinction between the
domains can be performed by careful observa-
tions of the cooling runs (step d) from 7 and
the final heating runs (step e).
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(d) DSC cooling scans from T at a rate of 10 °C/
min, where the effects of the thermal treatment
will be reflected on the crystallization of PE. If
the polymer has been self-nucleated, a shift of
the peak crystallization temperature to higher
temperatures as compared to the standard
cooling run (step b) is expected.

(e) DSC heating scans from 0 to 140 °C, where
the effects of the entire thermal treatment will
also be reflected in the melting of PE. For
instance, if annealing took place at Ty, then
a second, higher melting peak may be seen.

2.3.2. Successive self-nucleation and annealing
experiments (SSA)

The SSA technique was developed by Miiller
et al. [53,56,57], and enhances the potential molecu-
lar fractionation that occurs during crystallization,
while encouraging annealing of the unmelted crys-
tals at each stage of the process, so that small effects
can be magnified.

Experimentally, the steps “a” to “¢” of the SN
method described above were repeated as the first
part of this experiment. Special care should be taken
in choosing the first 7T temperature to be used in
step ““c”. Ideally, the first T should be high enough
to melt most of the polymer, but low enough to
leave some crystal fragments that can act as nuclei
but will not anneal during the time at that 7.

The following steps were performed immediately

[TPEE} TSN

after steps “a” to “c’:

(d) Cooling from T7,: The sample was cooled at
10 °C/min from T to 0 °C. During this pro-
cess, the initially molten fraction of the poly-
mer at T, will crystallize during cooling using
the unmolten crystal fragments produced in
step ““c” as self-nuclei.

(e) Heating up to a new 7. The sample was
heated once again at 10 °C/min, but this time
up to a T which was 5 °C lower than the pre-
vious one, and this temperature was held for
5 min. This means that the unmolten crystal-
lites at this 7, will anneal, some of the melted
species may isothermally crystallize (after
being self-nucleated by the unmelted crystals)
while the rest of the molten crystallizable
chain segments will only crystallize during
the subsequent cooling from 7.

(f) Steps “d” and “‘¢” are repeated at increasingly
lower T,. The differences in 7 were always
kept constant at 5 °C. The number of repeti-

tions can be chosen to cover the entire melting
range of the sample with a “standard” thermal
history or a shorter range.

(g) Final melting: The sample was heated at
10 °C/min from 0 °C to 140 °C and a multiple
melting endotherm was obtained.

The SSA procedure was performed on the PE
homopolymer choosing a 7 of 102 °C, as the ideal
self-nucleation temperature, and the 7 tempera-
tures were varied from 102 to 72 °C at 5 °C inter-
vals for a total of seven self-nucleation/annealing
steps. The same parameters were applied to all
the diblock copolymer samples in order to main-
tain a standard thermal treatment based on the
homopolymer.

2.4. Transmission electron microscopy (TEM)

The bulk morphology of the PB-b-PS and PE-b-
PS diblock copolymers was examined by bright
field TEM wusing a JEOL 1220 operated a
100 kV. Films (around 1 mm thick) were prepared
by casting from a 3 wt% solution of the sample in
toluene at 70 °C in order to avoid gelation upon
solvent evaporation. After complete evaporation
of the solvent (=1 week), the films were kept at
150 °C (lower than a Topt of 230°C reported
for this block copolymer system [58] in copolymers
with molecular weights between 11 and 90 kg/mol)
for 15 h to improve the morphological segregation.
In the case of the PE diblock, these samples were
kept for 3h at a crystallization temperature in
order to allow the maximum crystallization of the
PE block. Later, the films were slowly cooled down
to room temperature. Thin sections were cut at
—130 °C using a LEICA EMFCS ultramicrotome
equipped with a diamond knife. Staining of the
precursor diblock copolymer was accomplished
by exposing thin sections to OsO, (preferential
staining of the amorphous PB block). The PE-b-
PS systems (hydrogenated copolymers) were
stained by exposure to RuO, vapor for a short
time (~10 min). A good contrast between stained
PS blocks (dark) and bright non-stained PE blocks
was obtained.

From the E;;Sj diblock copolymer micro-
graphs, the average number and volume diameters
(d, and d,) of the particle cross-sections were mea-
sured; at least 100 spheres were counted and mea-
sured. The number and volume average diameters
were obtained using the following equations [59]:
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dnzznidi/znia (1)
dy =" nd! /3 md, 2)

T3]

where n; is the number of spheres “i”” of diameter d;.
The volume fraction of the dispersed phase was
calculated from the following relationship:

= C}%) [pd + (1{po)/pJ’ ®)

where X, is the weight fraction of the minor phase
and pq is the dispersed phase density and p,, is the
matrix density.

3

The average particle number per cm” was deter-
mined from:
Ni=X,/(n/6d). 4)

3. Results and discussion
3.1. Morphology

Fig. 1 shows representative micrographs of
selected PB-b-PS and PE-b-PS diblock copolymers.
A diversity of microdomains (MDs) morphologies
can be generated in diblock copolymers (i.e., lamel-
lae, cylinders, gyroids and spheres), depending on
the volumetric fraction of the blocks and on the

(a) B54S33

(d) EssS37

segregation strength of the system, determined by
yN (where x is the Flory—Huggins interaction
parameter and N, the block copolymer total chain
length) [1]. In a semicrystalline block copolymer,
like PE-b-PS, two forces can drive structure forma-
tion: microphase separation between unlike blocks
in the melt (strong segregation), which favors the
formation of nanometer length scale MDs, and
crystallization of one block, which favors the forma-
tion of alternating amorphous and crystalline lay-
ers. When the non-crystallizing block is glassy and
the segregation strength is strong, the overall melt
structure is retained: crystallization occurs within
the MDs, leading to an “order within order”’, where
the glassy matrix can affect the crystallization phe-
nomena [1-3].

We have observed by TEM the morphology of
the non-hydrogenated block copolymer precursors
(B1sS33, BsiSi, BysSiy, ByiSgy) and that of the
hydrogenated ones (E79831,E53Sié, EZ(,S;ZS s EIIS§34).
The micrographs in Fig. 1 show typical lamellar,
cylindrical and spherical morphology of selected
non-hydrogenated and hydrogenated diblock
copolymers. It was demonstrated that PB and PE
blocks form morphologies varying from a continu-
ous matrix to spheres depending on the composition
of the PB or PE block, as it was expected [1].

(e) ExeSIP®

Fig. 1. TEM micrographs of the lamellae, cylinder and spheres forming diblock copolymers studied whose composition is indicated
within. The PB-5-PS diblock copolymers were stained with OsOy4 (PS: gray: PB: dark) and the PE-b-PS diblock copolymers with RuO4

(PS: dark: PE: light gray).
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In the case of the block copolymers with lamellar
morphology shown in Fig. la and d (BSlsZ; and
Es; Si;), the presence of alternating lamellae of each
component can be clearly distinguished, as well as
the existence of interconnected lamellae of the same
block that can be considered as morphological de-
fects (see arrows in the figures). For the PB or PE
cylindrical morphology (B25S;(5)5 and E26$;25 , respec-
tively) the transversal and longitudinal section can
be observed in Fig. 1b and e, respectively. The hex-
agonal array of the cylinders is also clearly observed
in the micrographs (Fig. 1b and e) selected for
Fig. 1. If a comparison is made of the cylindrical
morphology observed for B25S;25 and EQGS;ZS, the
PE cylinders appear somewhat deformed as com-
pared to the regular PB cylinders. This is probably
a consequence of crystallization, even though the
PE crystallization occurs below the glass transition
of the PS matrix in a rigidly confined fashion. When
a semicrystalline block is confined within a diblock
copolymer, Register and Loo have argued that three
possibilities exist to accommodate the density
change that occurs upon crystallization: existence
of individual crystallized microdomains under
significant hydrostatic tension, cavitation within
the crystallizing domains and macroscopic contrac-
tion to accommodate the volume change [2]. From
these, Loo et al. demonstrated in polyethylene-b-
poly(vinylcyclohexane), PE-b-PVCH, copolymers
that the third possibility is correct [18]. Even though
the PVCH matrix is vitreous throughout crystalliza-
tion, it can deform as necessary so that PE domains
neither cavitate nor exist under great overall ten-
sion. This is in agreement with literature results that
have shown evidences of deformation of confined
core-shell cylinders [24,60].

For the BxS;, and ESi (micrographs not
shown) a morphology of PS cylinders was found

[15,16], while for the By;Sg* (Fig. lc) and E;; S,
a disordered spheres morphology was observed with
a mean mesophase diameter of 42 and 24 nm,
respectively (see Table 2).

Due to the staining technique employed (long
staining time) the boundary between the PE and
the PS block, where the amorphous PE can be lo-
cated, was remarkably stained resulting in a visible
dark shade surrounding and delimiting the PE
MDs in the hydrogenated block copolymers. This
may lead to an underestimation in the measure-
ments of the PE MDs dimension.

The hydrogenation process applied to the PB-b-
PS precursors in order to obtain the PE-5-PS di-
block copolymers did not affect the morphology as
it has been reported in previous publications
[24,61] for other block copolymers. Even as the
PB block goes through a chemical change in its
structure, the variation in the Flory—Huggins inter-
action parameter is very small (from yp/s =4.71 X
1072 to xE/s = 3.51 x 1072 at room temperature
[62]). Furthermore, the crystallization process does
not seem to affect the morphology significantly after
the hydrogenation process apart from the small
deformation of the PE microdomains observed in
the cylindrical case and a small reduction in MD
size (see Fig. 1 and Table 2). These results confirm
that both PB-5-PS and PE-b-PS diblock copolymers
are in the strong segregation regime.

From experimental measurements on the PB-b-
PS TEM micrographs and the application of the
theory proposed for amorphous diblock copolymers
by Abetz et al. [63], we obtained the size (“I’) and
the periodicity value (“d”’) of the MDs for the PB-
b-PS block copolymers (see Table 2). From this
table, it can be seen that the theory predicts in
most cases in a satisfactory way the experimental
dimensions obtained by TEM. Table 2 also lists

Table 2

Domain size “/” and spacing “d” of the PB-b-PS diblock copolymers as determined theoretically and by TEM

Copolymer Theory TEM Morphology
[ (nm) d (nm) [ (nm) d (nm)

BsiS3 20£1 85+1 2344 88 +3 Lamellar

BsSi2 26° 41 187" + 1 25" +7 187" 48 PB cylinders

By S 15°+1 107 42 21° 45 113" 4+ 16 PB spheres

Es3S3 - - 16+3 6243 Lamellar

ExSiy - - 21°+5 141° £+ 8 PE cylinders

E; S3¢ - - 1242 105% 4 13 PE spheres

# Interdomain distance.
® Radius of the microdomain.
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the experimental variation of these parameters after
the hydrogenation process of the PB-b-PS diblock
copolymers. A decrease of both “d” and “I” is re-
ported, a variation that can be a direct consequence
of the crystallization process, although we have to
take into consideration the possible error associated
with MDs dimension measurement because of the
presence of the dark shade boundary caused by
staining.

We can conclude from this section that the mor-
phology observed by TEM is that generally ex-
pected for this type of strongly segregated diblock
copolymers and can be predicted by theory when
the composition and yN values are taken into con-
sideration [1,63].

3.2. Standard DSC results

DSC cooling scans from the melt and subsequent
heating scans are presented in Fig. 2 for PE-5-PS di-
block copolymers and for the neat hydrogenated
PB. Table 3 lists all relevant transition temperatures
and enthalpies extracted from Fig. 2.

One important aspect of the synthesis procedure
employed here was to keep constant the molecular
weight (M, ~ 26 kg/mol) and the 1.2 units content
(%1.2 units = 11%) of the PE block within the
diblock copolymers as well as in the PE homopoly-

Heat Flow, Endo Up
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Temperature (°C)
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20 120
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mer (see Table 1). In this way, we have eliminated
the influence of these parameters in the thermal
and morphological behavior of the diblock copoly-
mers, allowing us to make more meaningful com-
parisons between the diblock copolymer system
and the PE homopolymer.

The PE homopolymer exhibits a peak melting
temperature (7y,) of 98.7 °C. In the block copoly-
mers T,, does not change appreciably if the PE
block forms a continuous or percolated phase
(E%S3; and Es3S;)). When the morphological con-
finement increases (ExSh;” and Ey;Sgy') the T, value
decreases markedly, for example, for the E“S§S4
copolymer the T, is 85.2 °C. A decrease in the melt-
ing temperature (and in the enthalpy related to this
process) indicates that the previous crystallization
process was more difficult (i.e., it occurred at lower
temperatures where thinner lamellar crystals that
melt at lower temperatures are produced, see below)
within each isolated MD when the confinement in-
creased as a result of the increasing PS content.

The crystallization exotherm of PE?® displays a
typical behavior that resembles that of ethylene/a-
olefin copolymers, in view of its ethylene branch
content produced by the 1.2 units in the precursor
PB [53,64]. There is a main crystallization process
that has been labeled “A” where most of the poly-
mer crystallizes (at 7,=285.2°C as reported in

2 [ ®E,S,

=] L .
3 \ \
3

E [ 105 \ ]
§ (C E26S74

==

(e)E §*

11789

V]
\

5mW

60 80 100
Temperature (°C)

20 40 120

Fig. 2. Cooling (left) and heating (right) DSC scans (10 °C/min) for: (a) PE®, (b) E7gs;} , (¢) E53Si;, (d) E%S;QS and (e) E“sgg“‘. The curves
were normalized in function to the PE content in the block copolymers. The arrows indicate the glass transition signal for the PS block in

the copolymers.



A.T. Lorenzo et al. | European Polymer Journal 42 (2006) 516-533 523

Table 3
Thermal properties of the samples studied
Tc (O(), Tc (ﬁ): Tc (V)a Tc (IF), AHc: Tmpcaka AHf: Xc: Tgonscts Tga qu» MOl‘phOIOgy
°C °C °C °C /g °C /g %  °C °C °oC?
PE 85.2 - - 51.3 —101  98.7 98 35 - - 107.8  Bulk
EnS3i 776 - - 53.1 —74  98.0 76 26 101.9 105.1 1072 PS cylinders
EssSy, 744 - - 52.8 —68 979 66 23 104.1 1072 105.6  Lamellar
ExShy>  71.8 56.5 - - —54  93.0 54 18 1052 107.2  100.7  PE cylinders
E;1S%¢ 687 55.6 46.6 - -36 852 45 15 1069 107.4  95.6  PE spheres

* Values of T;, were obtained by Hoffman—Weeks extrapolation after isothermal crystallization experiments.

Table 2). A much smaller exotherm appears around
50 °C. This small exotherm has been reported in a
temperature range of 40-60 °C for branched poly-
ethylenes in general and for linear low density poly-
ethylene in particular. Such small secondary
exotherms represent for bulk branch PE samples,
the crystallization of short methylene sequence
lengths (MSL) belonging to chains whose longer
MSL crystallize at higher temperatures (in the exo-
therm labeled “A’), or in other words, the small
exotherm at 40-60°C is due to intramolecular frac-
tionation (“IF”) during crystallization caused by
the distribution of branches along the chains [64].
Therefore, this exotherm has been labeled “IF” to
indicate its origin, its peak values are reported in
Table 3.

In Fig. 2 we have labeled each important crystal-
lization exotherm with “A”, “B” and “C”. In the
case of PE®, E+ s;‘} and Es; Si;, the existence of a un-
ique crystallization signal (“A”), apart from the
small “IF” exotherms, is evidence that the crystalli-
zation process is due to heterogeneous nucleation
from heterogeneities that we have arbitrarily termed
“A”. This is the typically observed behavior for com-
mercial thermoplastics and for block copolymers if
the crystallizable block forms a continuous phase
(as a matrix or as a result of a percolation path).
For the E53SZ§, the latter is possible only if: (a) the
interconnection (or percolation) level in the lamellar
morphology allows the spread of secondary nucle-
ation through out the crystallizable component, (b)
the number of MDs is very similar to the number
of active heterogeneities present in an equivalent
bulk sample of the crystallizable homopolymer,
and (c) a combination of ““a” and “b”’. The satisfac-
tion of any of the above conditions will cause
heterogeneous nucleation and therefore a classic
self-nucleation behavior for the crystallizable block.

For ExS;i° (PE cylinders in a PS matrix) and
E“sgi,“‘ (PE spheres in a PS matrix) diblock copoly-

mers, multiple crystallization exotherms are ob-
served. This is probably caused by a fractionated
crystallization phenomenon that is produced by
the existence of different types of nucleation events
[3,21,40]. Each crystallization exotherm begins with
a specific nucleation event (e.g., heterogeneous,
superficial or homogeneous). Since different frac-
tions of MDs could be isolated or percolated, the
nucleation events may vary. Also the heterogeneity
type present in different MDs fractions may also
vary. The fractionated behavior of the crystalliza-
tion process is due to the high MDs density (accord-
ing to an estimation from TEM micrographs about
~10'? and 10" em 3 for EzﬁS;SS and E“S§34, respec-
tively) in comparison with the heterogeneities con-
centration usually present in an equivalent bulk
sample of the crystallizable polymer (~10°cm™>
for the HDPE) [21]. Thus, fractionated crystalliza-
tion will be present if there are MDs with different
kinds of heterogeneities inside each population,
the higher the heterogeneity nucleating efficiency
the lower the supercooling needed by that specific
fraction of MDs to crystallize. Nevertheless, the
interconnection (or percolation) level in a fraction
of the MDs could allow the spread of secondary
nucleation through out the crystallizable component
[21,23]. It must also be remembered that during
hydrogenation a Wilkinson catalyst was used, and
even though the sample was purified, catalyst parti-
cles that were not extracted could act as nucleating
agent for those fractions that contained such heter-
ogeneities. The lowest temperature crystallization
signal could be originated from: (a) a weak nucleat-
ing heterogeneity, (b) superficial or interfacial nucle-
ation events (due to the MDs interphase) or, (c)
from homogeneous nucleation events [3,21].
Taking into consideration the possible explana-
tions given above, for ExSh; the “A” crystalliza-
tion signal is probably originated by the
nucleation of “A” type heterogeneities (i.e., usually
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available in bulk PE), but with some depression on
the T, value (in comparison with the high PE con-
tent copolymers or PE homopolymer) caused by
the topological restrictions imposed by the PS ma-
trix. The existence of a certain fraction of cylinders
that contain such “A” type heterogeneity is proba-
ble, but also, if there are percolated cylinders,
secondary nucleation can spread. Exotherm “B”
could be caused by the presence of “B” type heter-
ogeneities that are less active than “A”, i.e., they re-
quire higher supercoolings to become active (for
instance Wilkinson catalyst remaining particles).
The superficial and the homogeneous nucleation
events could be ruled out in the crystallization
behavior of this block copolymer, especially for
the “B” signal, because the E”S?;g“ shows a lower
crystallization exotherm (labeled “C”), as it will be
analyzed next [21,40,42]. Finally, it must be noted
that an overlap of exotherm “B” with an exotherm
“IF” is possible in this case, however, exotherm “B”
is more pronounced in relative terms (its enthalpic
value is higher) in ExS}; than in block copolymers
with higher PE content.

In a similar analysis, the E 118;34 block copolymer
exhibits three crystallization signals, a very clear
example of a fractionated crystallization process
[21,40-49]. Such a fractionated crystallization pro-
cess with three exotherms in a block copolymer
component that forms nano-spheres is uncommon,
since the density of spheres is usually much higher
than the number of heterogeneities available. How-
ever, in the present case, we also have another
source of heterogeneities in the system, i.e., the Wil-
kinson catalyst employed. In the spherical morphol-
ogy the weight fraction of PE is so small that
percolation is highly unlikely and can be ruled
out. Exotherm “A” is probably due to a nucleation
event from “A” heterogeneities, like for the other
copolymers mentioned above, in this case it is only
a very small fraction of spheres that can crystallize
in this high temperature range. The visible depres-
sion on the 7, value is caused by the confinement
imposed by the surrounding glassy PS matrix. In
an analogous way, exotherm “B” could be caused
by a nucleation event from “B” heterogeneities
(e.g., Wilkinson catalyst particles). The lowest crys-
tallization temperature (exotherm “C” with a 7T, of
only 46.6 °C) can be ascribed to a superficial or
homogeneous nucleation event (see below) due to
the low T value found in comparison with reported
values. In fact, as far as the authors are aware, this
is the lowest value reported in the literature for PE

crystallization, as shown in Table 4. Additionally,
the crystallization enthalpy associated to this exo-
therm “C” is the highest in comparison with the
enthalpies associated to the high temperature exo-
therms (“A” and “B”) for E;;S;’, indicating that
the relative fraction of material that crystallized at
these lower temperatures is higher.

We have excluded in the above analysis the possi-
bility that fractionated crystallization could be a
result of a wide range of microdomain sizes (like in
polyblends) since it is expected for anionically
prepared diblock copolymers that a narrow distribu-
tion of microdomains sizes is obtained. For instance,
in the case of PE spheres, TEM measurements
(whose experimental error due to staining could be
specially large in semicrystalline samples) yielded
d,/d, values lower than 1.5 for the E”S§‘9‘4 diblock
copolymer.

A relationship between the homogeneous nucle-
ation temperature and the volume of the dispersed
droplets is expected, since classical nucleation the-
ory predicts that the probability of nucleation in-
creases with the volume of the droplet. Such a
relationship has been reported for some low molec-
ular weight substances like water, alkanes and NaCl
solutions, but the change in crystallization tempera-
ture reported has been very small, only 1-3 °C [65—
68]. One polymer were a droplet size dependency of
the homogeneous nucleation has been clearly estab-
lished is poly(ethylene oxide), PEO. This was
accomplished by Massa et al. [69,70] who employed
their data on large (8-16 pm in diameter), isolated
and clean droplets produced by dewetting a PEO
film on an unfavorable PS surface and compared
them with data by Rottele et al. [29] who studied
by AFM the crystallization of PEO nano-spheres
within a PB-b-PEO block copolymer. Crystalliza-
tion data for a large difference in droplet volume
is therefore available for PEO, i.e., a factor of
approximately 10° difference in volume or 10° in
diameter. Such a large difference in droplet size pro-
duced a maximum difference in the homogeneous
crystallization temperature of 28 °C (minimum tem-
perature —31°C to a maximum temperature of
—3°C), an unusually large variation. This remark-
able size dependence for PEO homogeneous nucle-
ation temperature has been recently verified by
Miiller et al. [3] employing a wide range of data
available in the literature that includes the already
mentioned dewetted droplets [69,70], microemulsion
droplets [71] and block copolymer spheres [3,16].
One way to distinguish between surface and bulk
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Table 4
Lowest crystallization temperatures reported for the crystallization of materials that contain polyethylene as a confined dispersed phase
Material PE content Branch T peak (°C) Crystallization Morphology Particle Reference
(Wt%) content (%) conditions diameter
HDPE droplets/Igepal - - 85-87 Slow cooling  Droplets <3 pm [73]
HDPE droplets/ - - 79-81 Slow cooling  Droplets <3 um [73]
dibutyl phthalate
HDPE droplets/ - - 80-82 Slow cooling  Droplets <3 pm [73]
dibutyl sebacate
HDPE droplets/ - - 82-84 Slow cooling  Droplets <3 um [73]
phenyl carbitol
LDPE/PS 20 - 53.5/61.5/ 2 °C/min Droplets - [74]
70/100
HDPE droplets on glass - - 74.8 1 °C/min Droplets - [72]
treated with natural oil
HDPE droplets on glass - - 79.0 1 °C/min Droplets - [72]
treated with lanolin
HDPE droplets on glass - - 127.0 1 °C/min Droplets - [72]
treated with
vacuum-evaporated carbon
HDPE droplets on glass - - 77.6/82.0/ 1 °C/min Droplets - [72]
treated with other 84.9/117.0
surface agents
E» MBS 27 7 62 E cylinders - (7]
LLDPE/PS 10 - 105/73 10 °C/min Droplets 0.44-3.1 um [42]
in blends
20 - 105/74 10 °C/min Droplets 0.48-3.2 um [42]
in blends
30 - 102/72 10 °C/min Droplets 0.70-3.2 um  [42]
in blends
40 - 104/74 10 °C/min Droplets 0.90-4.4 um [42]
in blends
HDPE/PS 10 — 115.7/100.0/77.2 10 °C/min Droplets 0.14 pm [43]
in blends
20 - 115.2/108.5/ 10 °C/min Droplets - [43]
76.8/68.5 in blends
30 - 115.7/77.5/ 10 °C/min Droplets - [43]
66.6 in blends
LLDPE/PS 10 — 67.3 10 °C/min Droplets 0.17 pm [43]
in blends
30 — 102.9/70.4/ 10 °C/min Droplets 0.23 pm [43]
51.2 in blends
E14S3 14 8 66-70 Isothermal E spheres  25nm [12]
E;sV3) 18 7 58 10 °C/min E spheres - [18]
EisVih 18 7 63 10 °C/min E cylinders — [18]
E14S% 14 8 62 10 °C/min E spheres - [18]
E14Sg 14 6 63 10 °C/min E spheres  — (18]
EpsS7? 25 7 63 10 °C/min E cylinders — [18]
EQGS;QS 26 11.3 71.8/56.5 10 °C/min E cylinders 42 nm This paper
E; S% 11 11.3 55.6/46.6 10 °C/min E spheres 24 nm This paper

HDPE: high density polyethylene; LDPE: low density polyethylene; E: ethylene; MB: poly(1,3 methyl-1-butene); LLDPE: linear low
density polyethylene; PS: polystyrene; VCH: poly(vinyl cyclohexane); SEB: terpolymer of styrene-ran-ethylene-ran-butene; S: polystyrene.

homogeneous nucleation is to determine the scaling
of the time constant, associated with the nucleation
event (i.e., the particle diameter in the case of drop-
lets) a technique that was successfully employed by
Massa et al. [69].

Even though the size dependence of the true
homogeneous nucleation temperature has been
clearly established for some low molecular weight
materials and for PEO, the situation is different
for other polymers. For instance, in the case of
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PCL, Miiller et al. [3] have reviewed the literature
and found no clear relationship between its homo-
geneous nucleation temperature and the size of the
PCL MDs, even though a weak dependence has
been reported by Nojima for one specific type of
block copolymer [22]. Recently, Tol et al. have per-
formed a detailed study of the fractionated crystal-
lization of Nylon 6 dispersed as droplets in
immiscible or compatibilized blends [48], they also
found a dependence of the lowest crystallization
temperature observed by DSC for Nylon droplets
on the volume average droplet diameter (d,). Tem-
perature changes of between 6 and 8§ °C were found
depending on the blend system for droplets varying
from 0.1 to 0.8 um in d,.

Barham et al. [72] studied the crystallization of
sprayed HDPE droplets onto microscope glass
slides by polarized optical microscopy. They re-
ported that the lowest crystallization temperature
for the droplets was dependent on the superficial
treatment applied to the glass slide (between 74.8
and 127 °C, see Table 4). In view of these results,
they proposed that the interface between the glass
and the polymer droplet exhibited a weak nucleat-
ing effect on the HDPE. Tol et al. have also found
surface nucleating effects in their Nylon 6 confined
crystallization studies [48]. Arnal et al. [42,43]
studied several PS/HDPE, PS/LLDPE (linear low-
density polyethylene), and PS/ULDPE (ultra
low-density polyethylene) blends. All the types of
polyethylenes employed, when dispersed into
droplets, exhibited fractionated crystallization exo-
therms, the lowest one was in the temperature range
between 67 and 70 °C.

In the case of the diblock copolymers examined
here, where polyethylene spheres are involved, we
have found the lowest temperature ever reported
for the crystallization upon cooling from the melt
of PE droplets so far. However, we cannot ascribe
this lower value to the fact that we have produced
the smallest PE spheres, since this is not the case.
Recently, Loo et al. [12] have studied the isother-
mal crystallization of the polyethylene block within
a PE-b-SEB diblock copolymer constituted by
hydrogenated polybutadiene (14.3 wt% PE) and an
amorphous random terpolymer of styrene-ran-
ethylene-ran-butene (SEB). The PE block crystal-
lized within 25 nm spherical mesophases, and most
spheres were supposed to have been homogeneously
nucleated according to the authors because the
number of MD was very large (2x 10'® spheres/
cm’) and because the system exhibited first order

crystallization kinetics. However, surface nucleation
may also yield first order crystallization kinetics,
this makes the distinction between surface and bulk
homogeneous nucleation difficult [3,73-75,48]. Loo
et al. [12] employed isothermal crystallization tem-
peratures between 66 and 69 °C for the PE spheres
within E14S§§ and reported for similar materials (i.e.,
E14SZ‘g and E14S§g, see Table 4) peak crystallization
temperatures upon cooling from the melt at 62—
63 °C [23]. These last peak crystallization tempera-
tures (that were also measured during cooling scans
in the DSC at 10 °C/min) are approximately 16 °C
higher than that found here for our E“sgg“‘ copoly-
mer with similar size spherical MDs (see Table 4).
We have taken into account all possible factors that
can affect the nucleation temperature: the volume of
the dispersed phase, the microstructure of the
hydrogenated polybutadiene and the cooling rate
(also whether isothermal or dynamic conditions ap-
ply, see Table 4). Having all these factors approxi-
mately constant, we still find a large difference in
peak crystallization temperatures. The only impor-
tant difference between the two types of PE spheres
is that they are dispersed in different matrices, or in
other words, the corresponding PE chains are cova-
lently bonded to chemically different blocks, in our
case the other block is PS (a glassy matrix at PE
crystallization temperature) while in the work of
Loo et al. it is PS-ran-PE-ran-PB (a rubbery matrix
at PE crystallization temperature), both diblocks
are in the strong segregation regime. We can only
assume that it is this difference in the nature of the
interphase between PE and the neighboring block
that affects the nucleation.

The value of the T, of PE has been under discus-
sion for many years, however the two most fre-
quently quoted values are approximately —30 and
—120 °C[76,77]. This means that in the present case,
our PE spheres are crystallizing at temperatures that
are at least 70 °C above 7. In a recent review, Miil-
ler et al. [3] analyzed the homogeneous nucleation
temperatures in PE, establishing that the dynamic
crystallization temperatures available in the litera-
ture for the PE as possibly associated with homoge-
neous nucleation are quite high in comparison with
its T, value (below at least —30 °C). This is not the
case for other crystallizable polymers like PEO or
PCL, which can exhibit crystallization temperatures
if they are the minor components within block
copolymers that are very close to their respective
vitrification temperatures [10,21,78]. These low val-
ues for T, suggest that in the PEO and the PCL case
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true homogeneous nucleation temperatures have
been obtained, since homogeneous nucleation
should occur at the maximum possible supercooling
(and nucleation events below 7, would be very
unlikely).

Miiller et al. [3] have argued that the true homo-
geneous nucleation temperature of PE may not have
been found yet, since surface (or interphase) nucle-
ation phenomena had not been entirely ruled out.
The results of the present investigation support this
view, since we have found lower crystallization tem-
peratures for PE droplets than those reported in the
literature, even though the PE spheres examined
here have the same size range as those of Loo
et al. [12]. A simple dependence of the homogeneous
nucleation temperature on supercooling can be
ruled out by comparing the maximum supercoolings
that have been reported in the literature for the four
most studied polymers in dispersed microphases, as
shown in Table 5. It is clear from Table 5 that for
PEO and PCL the lowest crystallization tempera-
tures are very close to their respective T, values
(only 15-18 °C above Ty), while this is not the case
for PE or even PP. Additionally, no correlation can
be found between the lowest crystallization temper-
ature and supercooling.

It could be that the reported low crystallization
temperatures for PE droplets in the literature (and
in this paper) are truly related to homogeneous
nucleation, however, we have two problems with
this interpretation: (1) So far, no clear demonstra-
tion that rules out superficial (or interfacial) nucle-
ation in the case of PE has been provided in the
literature, as far as the authors are aware (it must
be noted, that for PEO, Massa and Dalnoki-Veress
[70] have clearly demonstrated that volume nucle-
ation is in place rather than surface nucleation),
and; (2) No satisfactory explanation has been given
as to why the homogeneous nucleation tempera-
tures are much higher than 7, in the PE case as
compared to other flexible polymers like PEO or

PCL, when similar droplet volumes are considered
(i.e., nano-spheres within block copolymers).

Coming back to Fig. 2, the glass transition of the
PS block has been indicated with arrows for the PE-
b-PS diblock copolymers and it is located around
107 °C. This transition can be better observed if
the samples are quenched (at 60 °C/min) from the
melt until 90 °C (i.e., at a temperature where the
PE block has not been able to crystallize yet), and
then heated at 20 °C/min. With this simple DSC
procedure we can clearly distinguish the glass tran-
sition of the PS block for all diblock copolymers of
this study (see Fig. 3). The observation of a similar
value for the glass transition (see Table 3 and
Fig. 3), for different PS compositions, is a clear evi-
dence that the block copolymers are strongly segre-
gated in the melt. The slight increase in 7, as PS
content increases is ascribed to the increase in the
molecular weight of the PS block.
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Fig. 3. Heating DSC scans (20 °C/min) for PE-b-PS diblock
copolymers showing the glass transition signal in absence of PE
block crystallization (see text). The arrows indicate the glass
transition signal for the PS block in the copolymers.

Table 5

Comparison of interesting transition temperatures for four of the most studied polymers in dispersed form

Polymer T, (°C)* Lowest reported T (°C) 7° (°C)? 7% — T, (°C) T.— Ty (°C) Reference
PEO —67 —40.0 69.0 109.0 17.0 [21]

PCL —64 —48.4 69.2 117.6 15.6 [21]

PP -3 43.7 187.7 144.0 40.7 [45]
HDPE —34 66.6 145.0 78.4 100.6 [43]
LLDPE —34 51.2 145.0 93.8 85.2 [43]

PE® within Ej;S23* —34 46.6 107.8 61.4 80.6 This paper

# From Ref. [78].
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The DSC results analyzed in this section indicate
that the crystallization of the PE block is affected
by the covalent bond with the glassy PS block (espe-
cially in the E795§} case) and by the topological
restrictions given by the segregation in MDs like
lamellae, cylinders and spheres (for E53Si§, E26S§25
and E118§34, respectively). The large number of
MDs in the cylinder and the sphere morphology cases
leads to fractionated crystallization. Self-nucleation
studies can also be a valuable tool to study fraction-
ated crystallization [3,16,21,25,27,35,42,47,51,52].

3.3. Self-nucleation studies

PE®, E79S‘2‘} and E53Si; diblock copolymers were
found to exhibit a “classic” self-nucleation behav-
ior. This was expected for ESj3, since it is a diblock
copolymer with a crystallizable block that forms a
continuous matrix. In the case of E53SZ;, the classic
self-nucleation behavior could be explained as a di-
rect consequence of defects present in the lamellar
morphology (see Section 3.1), in other words, the
percolation level in this equilibrium morphology is
high and this allows the spread of secondary nucle-
ation through all the PE crystallizable material, in
an analogous way as it happens in the E79831 block
copolymer and for the PE*> homopolymer.

For ES)) a self-nucleation behavior that totally
differs from the “classic” behavior was observed.
The E26S;25 diblock copolymer has two crystalliza-
tion exotherms (““A” and “B”’) that exhibited two
different self-nucleation behaviors. The “A” crystal-
lization exotherm showed a “classic” behavior. The
“B” exotherm did not exhibit the exclusive self-
nucleation domain or Domain II; it exhibited a
direct transition from Domain I to Domain Illgy,
similar to the behavior exhibited by isolated MDs
within block copolymers in previous publications
[3,21,25,27,35,52].

In the case of E118§34, very atypical self-nucle-
ation behavior was found for exotherms ”B” and
“C”. The “A” exotherm of this copolymer showed
the three classic domains of self-nucleation. For
the very small “B” crystallization signal, a transi-
tion from Domain I to Domain I1ls, was established
for the self-nucleation behavior of this exotherm. In
the case of the dominant “C” exotherm the self-
nucleation was even more restricted, therefore, a
transition from Domain I to Domain III, was de-
tected and finally, at lower temperatures, Domain
1lls, was appreciated (results are not shown since
they are similar to those previously shown in refer-

ences [21,25,27,35,52]). In those cases where the
injection of self-nuclei in every MD is most difficult
in view of the very large number of MDs, Domain
11T has been observed to split into two domains
[52], Domain 111 4, where annealing without previous
self-nucleation occurs and Domain Il ,, where self-
nucleation and annealing are simultaneously ob-
served. Domain Illg, would be the exact equivalent
to the standard Domain III established by Fillon
et al. [51].

3.4. Successive self-nucleation and annealing
(SSA) studies

Fig. 4 shows a final heating DSC scan after SSA
fractionation was performed to PE* and to the
block copolymer samples. The fractionated PE*
clearly shows a series of melting peaks that corre-
spond to the melting of different mean lamellar
thickness crystalline fractions that formed and an-
nealed at each T, temperature employed. The SSA
fractionated PE®® final DSC heating scan shows
the effects of the accumulation of 7 self-nucleation
and annealing steps using 7, temperatures from
102 to 72 °C every 5 °C. Since 102 °C does not cause
any annealing because it is a 7 temperature within
Domain II, only 6 steps were able to produce
annealing. The melting trace of PE* after SSA
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Fig. 4. DSC heating scans at 10 °C/min for the PE homopolymer
and the PE-b-PS diblock copolymers after the SSA thermal
treatment. The curves were normalized in function to the PE
content in the block copolymer. The arrows indicate the glass
transition signal for the PS block in the copolymers.
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shows the melting of 6 fractions in Fig. 4, illustrat-
ing the capability of the technique to induce thermal
fractionation in view of the monomodal and broad
short chain branching (SCB) distribution of the
PE® evaluated. The SCB distribution in PE* is to-
tally random for the synthesis method used here,
and this explains the monomodal distribution of
melting peaks observed [53].

Fig. 4 also contains final heating scans for four
PE-b-PS diblock copolymers. Even in the E7S3; di-
block copolymer, whose morphology is a PE matrix
with glassy polystyrene cylinders, the distribution of
lamellar thickness obtained after SSA fractionation
is different from that of PE*°. Fig. 4 shows how frac-
tion number 1, the highest temperature fraction, is
depleted in the E7S3| diblock copolymer (as com-
pared to PE*®) and now the fraction with the largest
area is number 2. This is caused by the difficulties
experienced by the PE chains when they have one
end covalently bound to a glassy PS block and they
are trying to crystallize. Therefore, they can only
form a small quantity of the largest lamellae that re-
quire the longest methylene sequence length (MSL)
as compared to neat PE?’, where the chains have
less diffusion problems to form the thickest lamellae.

As it was stated in the experimental part, the PE
block within PE-b-PS diblock copolymers is very
similar in M, and in the content of 1.2 units to
the PE homopolymer. Therefore, in this case all
the differences that may be encountered in the ther-
mal fractionation accomplished by SSA will be due
to the morphological confinement on the PE block
crystallization and not to differences in SCB content
of the samples.

In Fig. 4, fraction named “1” (the one annealed
at Ty, =97 °C) decreases in area as the PS content
increases in the copolymer, until it totally disap-
pears for the E;;S;' copolymer. This phenomenon
can be observed in a similar way for the second
and third fractions (annealed at 92 and 87 °C,
respectively). In general, a decrease in the high tem-
perature melting peak areas and an increase in the
low temperature melting peak areas are observed
as the composition (PS content) varies in the
copolymer. Therefore, the SSA method allows the
qualitative observation of the topological chain
restrictions associated with the crystallization of
the PE block as the morphology changes from a
PE matrix (E7QS‘2‘1), to PE lamellae (E53SZ§), PE cyl-
inders (ExS1)) and finally to PE spheres (Ey;Sgy')
within the diblock copolymers and in comparison
to the PE* sample. The trends of the relative
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Fig. 5. % Melting area at each 7T for the homopolymer and the
PE-b-PS diblock copolymers.

amounts of crystal populations with different melt-
ing temperatures can be seen in Fig. 5.

The influence of copolymer composition in the
SSA results of Fig. 4 is very interesting. The copoly-
mer that can form the largest amount of thicker
lamellae is ES;3; since this is the copolymer with
the highest PE content. Therefore, the PE chains
will be less constrained to diffuse and produce thick-
er lamellae during the annealing process than
E“S§g4 copolymer, in which the PE proportion is
the lowest. For instance, for the E;;Sg* the most
abundant fraction of lamellae are the ones that were
originated at a T of 82 °C (fraction number 4) while
in the PE* this fraction was only the fourth most
important and much less abundant, as judged by
the molten peak area of each T; value presented in
Fig. 5. Since no change in the distribution of SCB
is present in the PE phase for all samples, all
changes in the distribution of melting points (or
lamellar thickness) must be accounted for by mor-
phological restrictions of the vitreous PS matrix
on the PE domains.

3.4.1. Determination of mean lamellar thickness
distributions by SSA

The final heating run after an SSA treatment
exhibits a series of melting peaks that correspond
to the number of SSA cycles where annealing was
promoted. The differential area under such fusion
curve can be related to the weight proportion of
material that melts within the temperature interval
considered. The Thomson—Gibbs equation [79] can
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then be used to establish a correlation between tem-
perature and lamellar thickness:

2670 Az

A (T — T (5)

We have employed the above equation using the
values proposed recently by Cho et al. [79]: lamel-
lar surface free energy (¢ = 5.0 kJ mol™"), enthalpy
of fusion per C,Hs-group (Ah=8.2kJmol™"),
length of a C,H4-unit in the chain direction (Az =
0.254 nm). The equilibrium melting temperature
(T°) was calculated from Hoffman-Weeks plots
constructed with data obtained by isothermal crys-
tallization of each system evaluated.

The values of mean lamellar thickness obtained
in this work from the Thomson-Gibbs equation
after the SSA treatment will only give a qualitative
indication of the mean lamellar thickness distribu-
tion that can be useful for comparison purposes,
especially since they can be quickly obtained via
DSC measurements. A more rigorous determination
of the lamellar thickness distribution could be
obtained by Raman spectroscopy or other indepen-
dent methods. The data obtained by DSC was used
to calculate the lamellar thickness distribution, as
presented in Fig. 6 [53,57]. It can be noticed that
the peaks corresponding to thicker lamellae are
broader than those of thinner lamellae. This is a
consequence of the mathematical simplicity of
Thomson—-Gibbs equation in predicting smaller
lamellar thickness changes with major temperature
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Fig. 6. Derived lamellar thickness distribution for PE* and the
PE-b-PS block copolymers using the SSA data and the Thomson-—
Gibbs equation.

changes [53,80]. The effect of the covalently bonded
PS block is clearly visible in the distribution of
lamellar thickness of the block copolymers. The
topological constraints imposed by the PS block
produce a decrease in the amount of thicker lamel-
lar as the PS content increases (see Fig. 6).

Another important factor to take into consider-
ation is that the values of lamellar thickness pre-
dicted by Eq. (5) are highly dependent on the
value of T? that is used for the calculations. For in-
stance, if the value of 7°, of linear PE is employed
(i.e., 141-145 °C) the lamellar thickness values ob-
tained will be lower than those reported in Fig. 6
by almost a factor of 6. In the case of Fig. 6 we have
employed the T values experimentally obtained for
the PE and the PE block in the block copolymers
samples [81].

In spite of all the above considerations on the
limitations of the quantitative values of lamellar
thicknesses, Fig. 6 illustrates the effect of morpho-
logical confinement on the crystalline lamellar sizes
obtained and the values are consistent with the MD
sizes reported in Table 2, in the sense that the lamel-
lar thicknesses are always lower than the MDs rele-
vant dimensions.

Fig. 7 shows a schematic diagram of how the
crystallites could accommodate inside the microdo-
mains present in the lamellar, cylinders and spheres
forming diblock copolymers. In the lamellar case,
since the thickness of the PE block lamellae is
16 nm (see Fig. 7 and Table 2), the only way that
the thickest PE crystal population of /=21 nm
(according to Fig. 6) can fit within the MD is by
having a chain orientation parallel to the MD inter-
phase. This result is consistent with the literature
since several authors agree that the most common
crystal orientation for strongly segregated block
copolymers is the one where chain folding is parallel
to the diblock interphase, as drawn schematically in
Fig. 7 [5,12,82].

When the MDs are cylinders, Loo et al. [83]
found that chain folding was perpendicular to the
cylindrical interphase in diblock copolymers of eth-
ylene and vinylcyclohexane (in strong segregation
regime), in the case of our PE-h-PS diblock copoly-
mer we can apply this hypothesis due to the strong
segregation observed for these copolymers, and
again the MD size (cylinder diameter is approxi-
mately 42 nm, see Table 2 and Fig. 7) and the de-
rived maximum crystal thickness (approximately
19 nm, see Figs. 6 and 7) are consistent. Finally, in
the spheres forming case, the confinement upon
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42 nm

Fig. 7. Schematic of crystal orientation of the PE block in the lamellar (left), cylinders (middle) and spheres (right) forming diblock

copolymers.

the PE block is three dimensional, the largest PE
crystals (which in any case are the least abundant
population) according to Fig. 6 have mean | values
of approximately 15 nm while the sphere diameters
(Table 2) are approximately 24 nm, so they could
also fit within the MDs.

In a related work, Roéttele et al. [29] have studied
the thermodynamic properties of PEO spheres
formed by the PEO block within a PB-b-PEO block
copolymer. The spheres were homogeneously nucle-
ated and therefore crystallized only at very large
supercoolings, the resulting crystals were imperfect
and showed significant reorganization during heat-
ing. They found that the PEO spheres displayed a
broad melting range that was attributed to the
superposition of the sharp first order transitions of
the individual crystals, that take place at different
temperatures corresponding to a multitude of possi-
ble metastable states. In the case of our SSA results,
the self-nucleation and annealing process drives
each fraction to the maximum stability that allows
the particular MSL within the chain assembly.

4. Conclusions

The crystallization of the PE block has been
shown to be influenced by the glassy PS block. Con-
finement effects and topological restrictions on the
PE block increase as the PS content in the copoly-
mers increases causing a decrease in both the crys-
tallization and melting temperature of the PE
block crystals. When the PE is confined to cylinders
or spheres a fractionated crystallization phenome-
non is induced by the excess MD density as
compared to the available number density of nucle-
ating heterogeneities.

In the case of E118§34, most of the PE spheres
crystallize in one of the three exotherms encoun-
tered upon cooling from the melt, whose peak
temperature (i.e., 7, = 46.6 °C) is the lowest temper-

ature ever reported for PE droplet crystallization, a
temperature that could be probably associated with
surface or homogeneous nucleation. This crystalli-
zation temperature (i.e., 7. = 46.6 °C) is much low-
er (16 °C) than that reported for similar size PE
nano-droplets but in diblock copolymer whose sec-
ond block is chemically different to PS. We therefore
conclude that the nature of the interphase between
the two neighboring blocks may be responsible for
such low temperature nucleation, since this 7 is still
quite high with respect to the vitrification tempera-
ture of PE (in comparison with other polymers
whose homogeneous nucleation temperature has
been found close to T,), a fact that could indicate
that the homogeneous nucleation temperature has
not been reached because surface (or interfacial)
effects can dominate.

When the PE block forms a continuous or perco-
lated phase (PE?, E7gs§§ and E53Si§), a “classic”
self-nucleation behavior (i.e., three domains) was
observed. When the PE block is dispersed as MDs
and a fractionated crystallization was detected
(EZGS;?S and EHS§S4), the fraction of crystals formed
at higher temperatures exhibits a ‘“classic” self-
nucleation behavior, and those crystals that crystal-
lize at the largest supercooling (lower exotherms)
can only be self-nucleated at temperatures where
the Domain III has already started and hence the
Domain II disappears for this fraction of material.

Finally, SSA thermal fractionation experiments
have shown the influence of morphological restric-
tions on the crystallization of the PE block within
the PE-b-PS diblock copolymers. As the PE content
in the copolymer decreased, topological confine-
ment effects limited the size of the lamellar crystals
that formed within the reduced dimensions of the
microdomains (MD). A distribution of crystalline
lamellar thickness within each MD was successfully
obtained from the SSA results and the orientation
of the chains within the MD was deduced.
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