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ABSTRACT: Miktoarm block copolymers (A2B2) composed of two poly(ε-caprolactone) (PCL) arms and
two polystyrene arms (PS) were synthesized by a combination of ring-opening polymerization (ROP) and
atom transfer radical polymerization (ATRP). Linear analogue PCL-b-PS diblock copolymer samples were
also synthesized in almost identical composition regarding the content of each component. Almost all
samples were found to be weakly segregated in the melt according to small angle X-ray scattering (SAXS)
experiments. While the expected morphology (revealed by transmission electron microscopy, TEM) was
found for the linear diblock copolymers, the miktoarm block copolymer samples exhibited different
morphologies that indicated more entropic restrictions for chain stretching. For example, when a linear
diblock copolymer with 41% PCL formed lamellae, the analogue miktoarm star copolymer with 39% PCL
formed hexagonally packed PCL cylinders in a PS matrix. These results may imply changes in the phase
diagram between miktoarm and linear block copolymers that have been previously predicted theoretically,
however a larger number of samples should be used to corroborate this hypothesis. Additionally, the effect of
polydispersity of the samples as a possible source of phase boundary variations should also be considered.
The enhanced topological restrictions in the miktoarm star copolymers were also strongly reflected in the
overall crystallization kinetics of the PCL component within the copolymers, as determined by differential
scanning calorimetry (DSC). The supercooling needed for crystallization of the PCL component was much
larger for the miktoarm star copolymers than for the linear analogue block copolymer samples of similar
composition or even of similar morphology, while the crystallization rate was also depressed. The degree of
crystallinity of themicro- or nanodomainswas also a function of composition (decreasewith PS content in the
copolymers) or molecular architecture (lower in the stars than in linear copolymers) and as a general rule
decreased as the level of confinement for the PCL component increased. Several kinetic theories of
crystallization were applied to the overall isothermal crystallization data and regardless of the theory
employed, the parameters proportional to the energy barriers for overall crystallization also increased with
the confinement of the PCL component. Both the confinement degree and the influence of molecular
architecture on the nucleation and crystallization of the PCL component generally increased with the content
of covalently bonded glassy PS.

Introduction

In recent years, copolymeric materials (especially block
copolymers) have received substantial attention due to their
ability to self-organize in a great variety of fascinating solid state
morphologies on the scale ofmicro- and nanometers. In addition,
copolymer synthesis offers the opportunity to control the size and
morphology of the MDs by changing one or more of the
following parameters: molecular weight, molecular architecture,
molecular structure, segregation strength, composition and sam-
ple preparation.1-3 Also, the synthesis of well-defined copoly-
merswith nonlinear topologies has received, also, much attention
in recent years.3-6 A diversity of polymers with well-defined
complex structures, such as star, graft, and dendritic polymers,
have been synthesized using different pathways.2A variety of new

macromolecules has been prepared thus far, many of them
possessing interesting properties, in many cases distinctly differ-
ent from those of their linear AB counterparts.

Miktoarm star block copolymers are a special class of non-
linear block copolymers that are constituted by a central core
bearing arms of different chemical nature (and/or composition).
These copolymers have been synthesized employing a variety of
methodologies as reported in the literature.2 The number of
identical arms can be varied as well as the total number of them,
giving rise to a variety of miktoarm stars like AnBm.

The synthesis of block and star block copolymers with crystal-
lizable components is an ideal tool to producemodel polymers for
the studyof the nucleation and crystallization events as a function
of their morphology and chemical topology.6-8 The relationship
between the structure (topology, architecture) and properties of
many semicrystalline block copolymers have been extensively
studied9-30 and reviewed.7,8,31*Corresponding author. E-mail: amuller@usb.ve.
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Previous studies have shown that, due to the chain crowding at
the star junction, the phase behavior and the domain spacing of
neat AnBn heteroarm star copolymers differ considerably from
those of the linearABdiblock copolymers.32-41Olvera de laCruz
and Sanchez32 considered the effect of star topology theoretically
using amean field approach in theweak segregation limit. In their
work, the phase stability criteria and static structure factors have
been calculated for simple AB graft copolymers, n-arm star
diblock copolymers (i.e., (AB)n) and star copolymers with equal
numbers ofA andB arms (i.e., AnBn). ForAnBn type copolymers,
a symmetrical phase diagram was predicted with a critical point
at f=0.5 and χN=10.5, independent of n (where f is the relative
volume fraction of one of the components and N is the total
number of statistical segments of one A arm plus one B arm).
Milner33 further described the changes in mesophase behavior
expected for heteroarm stars in the strong segregation limit,
accounting for the fact that the A and B blocks may differ in
conformational statistics, due to the arms stretching at the
junction point.

In addition to the theoretical work, the phase behavior of
miktoarm star block copolymers has also been studied experi-
mentally. Beyer et al.38 have characterized a series of A2B2 four-
arm, miktoarm stars composed of polystyrene and polyisoprene
(i.e., denoted as S2I2). Althoughmost results were found to agree,
in general, with the Milner theory predictions for miktoarm star
morphological behavior, few compositions had discrepancies
with this model. These authors demonstrated that this is due to
the junction point effect, which is not specifically accounted for
Milner’s theory, causing the deviations of some experimental
data in miktoarm stars from the theoretical predictions. Tselikas
et al.4 have studied the morphology of a series of S2I, I2S, and I3S
heteroarm star copolymers and founda shift in the phase diagram
toward higher volume fraction of the single block.

In a previous paper, we reported5 the synthesis and morpho-
logical characterization of miktoarm star block copolymers of
polycaprolactone and polystyrene ((PCL2)-b-(PS2)). Here we
present the comparison of the morphology and nucleation and
crystallization kinetics of the polycaprolactone component within
(PCL2)-b-(PS2) miktoarm star block copolymers versus PCL-b-PS
linear diblock copolymers, at similar weight compositions. The
expected higher stretching resistance of the arms in amiktoarm star
block copolymer compared toanalogous lineardiblock copolymers
is expected to produce important morphological differences as well
as dramatic effects on the overall crystallization process.

Experimental Section

Materials and Sample Preparation. Synthesis of (PS)2(PCL)2
4-MiktoarmStarBlockCopolymers.The (PS)2(PCL)2miktoarm
star copolymers were synthesized in two steps, using high
vacuum techniques and a heterofunctional initiator derived
from Pentaerythritol with two free and two protected -OH
groups. The first step involves the esterification of the two

unprotected hydroxyl groups with 2-bromoisobutyryl bromide
followed by polymerization of styrenewith the produced difunc-
tional ATRP initiator. Deprotection of the two other -OH
groups is carried out in a second step with subsequent ring-
opening polymerization (ROP) of ε-CL the presence of Sn(Oct)2
to afford the final 4-miktoarm star. Details are given in a
previous paper (see ref 5).

Synthesis of Linear PS-b-PCL Block Copolymers. The linear
PS-b-PCL block copolymers were also prepared in two steps
including the ROP of ε-caprolactone (CL) with a 1-decanol/
Sn(Oct)2 initiating system, followed by the transformation of the
end -OH group of PCL with 2-bromoisobutyryl bromide and
polymerization of styrene with the newly formed Br-end groups.

The molecular characteristics of the materials evaluated in
this paper are provided in Table 1. In the notation: Ax-b-By

m

here employed, the subscript numbers denote the mass fraction
in weight percent and the superscripts give the number-averaged
molecular weight Mn in kg/mol of the entire copolymer.

A representative example for the synthesis of the linear block
copolymer PCL20-b-PS80

153 is given below: 5 g of ε-CL were
dissolved in 5 mL of tetrahydrofuran, THF, and the polymeri-
zation was conducted at 120 �C for 24 h in the presence of 0.025
mL (1.3 � 10-4 mol) of the initiator 1-decanol and 0.01 mL of
the catalyst Sn(Oct)2. The polymer was precipitated in excess
coldmethanol and dried under vacuum. The esterification of the
end -OH group was conducted in THF solution (40 mL)
by reacting 5 g of PCL with 0.0229 g (1.0 � 10-4 mol) of
2-bromoisobutyryl bromide in the presence of 0.0134 g (1.33 �
10-4 mol) of triethylamine, TEA. Then, 1 g of the produced
macroinitiator was then dissolved in 5 mL of THF and was
further used for the polymerization of 5.5 g of styrene in the
presence of 4.73 � 10-2 g (3.3 � 10-5 mol) of CuBr and 10.3 �
10-2 g (6.6� 10-5mol) of bipyridine ligand. The polymerization
took place at 110 �C for 24 h, and the final product was
precipitated in cold methanol and dried under vacuum.

Size exclusion chromatography (SEC) experiments were car-
ried outwith amodular instrument consisting of aWatersmodel
600 pump, a Waters model U6K sample injector, a Waters
model 410 differential refractometer, and a set of 4-μ-Styragel
columns with a continuous porosity range of 106-103 Å. The
columns were housed in an oven kept at 40 �C. DMF was the
carrier solvent at a flow rate of 1 mL/min. The instrument was
calibrated with PS standards covering the molecular weight
range of 10 000-900 000.

Sample Preparation. The bulk samples of the block copoly-
mers employed for WAXS and SAXS were prepared by dissol-
ving the copolymers in chloroform. The concentration of the
polymers in the solution was 5 wt %. The samples were subse-
quently cast onto the Petri dishes followed by a slow evapora-
tion of the solvent at 30 �C for 2 days. The samples were further
dried in vacuum at 60 �C for 2 h and then at room temperature
for 4 days for complete solvent removal.

Differential ScanningCalorimetry (DSC). Samples of approxi-
mately 2-4 mg were encapsulated in aluminum pans and mea-
sured in a Perkin-Elmer Pyris 1 calibrated with tin and indium

Table 1. Molecular Characteristics of the (PCL2)-b-(PS2) Miktoarm star and PCL-b-PS Linear Block Copolymers

PCL macroinitiator PCL-b-PS diblock copolymers

sample Mn
a � 10-3 Mw/Mn

a yield (%) Mw/Mn
a % wt εCLb Mn

c � 10-3 yielde (%)

PCL80-b-PS20
36 30 1.22 87 1.7 79.8 36.1 87

PCL41-b-PS59
73 30 1.22 87 1.35 41.2 72.8 89

PCL20-b-PS80
153 30 1.22 87 1.46 19.6 152.8 75

(PCL2) macroinitiator (PCL2)-b-(PS2) miktoarm block copolymers

(PCL2)72-b-(PS2)28
34 24.5 1.3 83 1.15 71.8 34.2d 84

(PCL2)39-b- (PS2)61
62 24.5 1.3 83 1.18 39.3 61.8 78

(PCL2)27-b- (PS2)73
100 24.5 1.3 83 1.41 27.1 100.1 90

aBy SEC in THF at 40 �C (see Experimental Section). bBy 1HNMR spectroscopy in CDCl3 at 25 �C. cByMO in toluene at 37 �C. dCalculated by the
molecular weight of the (PCL2) or PCL macroinitiator and the composition by 1H NMR. eRefers to the polymerization yield of the second monomer.
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under high purity nitrogen atmosphere. The thermal protocols
employed are described below.

Standard DSC Experiments. In the standard DSC dynamic
experiments the DSC scans were obtained at 20 �C/min. All
DSC cooling curves were recorded after the samples were held in
the melt at 100 �C for 3 min in order to erase all previous
crystalline history of the semicrystalline component. The crys-
tallization and melting enthalpies values were normalized with
respect to the semicrystalline fraction within the copolymers.

Isothermal DSC Experiments. In the isothermal crystalliza-
tion experiments the samples were held in the melt at 100 �C for
3 min in order to erase all previous crystalline history, and then
quickly cooled (at 60 �C/min) to the desired crystallization
temperature (Tc) where the isothermal DSC scan was recorded.
Before performing the definitive isothermal crystallization
experiments, tests were performed to ensure that the samples
did not crystallize during cooling to Tc by immediately heating
the samples when the temperature reached the desired Tc; if any
melting occurred, then it was concluded that the crystallization
took place during cooling and the isothermal experiment was
not performed at that Tc. This procedure, for finding the ideal
first Tc, was repeated (after erasing the crystalline history by
keeping the sample 3 min in the melt), until no crystallization
during cooling was evident.

When the PCL content was low in the sample (usually below
30 wt %) the conventional isothermal kinetics were beyond the
resolution of the DSC (i.e., the amount of heat evolved per unit
timewas too small to bemeasured isothermally). The isothermal
crystallization was performed instead by a multistep procedure
described as follows: (a) erasure of crystalline history by heating
the sample to 100 �C and maintaining it at that temperature for
3 min; (b) fast cooling (80 �C/min) down to Tc; (c) the sample
was held at Tc for a time tc, which was later increased in the
subsequent steps; (d) heating at 10 �C/min from Tc to 100 �C.
The heat of fusion calculated from thisDSCheating scan should
correspond to the crystallization enthalpy of the crystals formed
during step ‘‘c’’ at Tc for the specified crystallization time;
(e) steps a-d were repeated employing the same Tc in step
‘‘b’’, but at increasing tc. The final tcwas taken as the time when
the melting enthalpy in the subsequent heating scan did not
change with respect to the previous one; (f) the whole process
was repeated for different Tc temperatures. The procedure is
identical to that employed in ref 42.

Self-Nucleation Experiments (SN). The self-nucleation and
annealing experiment using DSC was originally applied by
Fillon et al.43 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 partial melting stage. The detailed
procedure used here is described as follows: (a) erasure of any
previous crystalline history by heating the sample up to 100 �C
for 3 min; (b) creation of a “standard” crystalline history by
cooling at a rate of 20 �C/min to -10 �C. This step ensures that
the crystallization of the polymer under investigation occurs at
the same dynamic conditions: (c) heating at 20 �C/min up to a
self-nucleation temperature (Ts). (d) The thermal conditioning
atTs is performed for 5min, (e) DSC cooling scans fromTs until
-10 �C at a rate of 20 �C/min, where the effects of the thermal
treatment will be reflected on the crystallization of PE, and
(f) DSC heating scans from-10 toþ100 �C, where the effects of
the entire thermal treatment will also be reflected in the melting
of the crystallizable component. Depending on Ts, selected for
step d and according to Fillon et al.,43 the sample will be:

(a) Completely molten: If Ts is too high, no self-nuclei or
crystal fragments can survive, and the sample is said to
be in Domain I or complete melting domain.

(b) Self-nucleated: When Ts is high enough to melt the
sample almost completely, but low enough to leave
active self-nuclei (Fillon et al.43 proposed that the self-
nuclei are crystal fragments, however, more recently it

has been proposed that such self-nuclei could be com-
posed of crystallization precursors or by molecules that
retain crystalline memory of the material, i.e., local
segmental orientation44) the crystallization peak shifted
to higher temperatures during the subsequent cooling
from Ts, the sample is said to be in Domain II, or the
self-nucleation domain.

(c) Self-nucleated and annealed: When Ts is too low, only
some of the crystals will melt. Therefore, the unmolten
crystals will be annealed during the 5min atTs, while the
rest of the polymer will be self-nucleated during the
subsequent cooling from Ts. The sample, in such cases,
is said to be in Domain III or the self-nucleation and
annealing domain. If annealing took place at Ts, then a
second, higher melting peak might be observed.

Transmission Electron Microscopy (TEM). The bulk mor-
phology of the copolymers was examined by bright field TEM
using a JEOL 1220 operated at 100 kV. Films of approximately
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
(ca. 3-4 days), the films were kept at 120 �C for 15 h in order to
improve themorphological segregation; next these samples were
allowed to cool slowly to room temperature (at approximately
0.1 �C/min) in order to allow for maximum crystallization of the
semicrystalline component. Thin sections were cut at -130 �C
using a LEICA EMFCS ultramicrotome equipped with a
diamond knife. Staining of the copolymers was accomplished
by exposing thin sections to RuO4 (preferential staining of the
amorphous PS component).

Simultaneous Small-Angle and Wide-Angle X-ray Scattering

(SAXS/WAXS) Measurement. Simultaneous small-angle and
wide-angle X-ray scattering experiments were performed at
station 17B3 at the National Synchrotron Radiation Research
Center (NSRRC) located at Hsin-Chu, Taiwan. Before the
scattering experiment, the samples were annealed in an oven
at 120 �C for 15 h to improve the morphological order. For each
sample, the scattering patterns at 120 �C were first collected
followed by rapid cooling to 41 �C at which the time-resolved
scattering profiles were collected. The synchronized SAXS and
WAXS data collection time was set to 5 min per frame with an
8 keV beam (ca. 0.5 mm in diameter). The two-dimensional
CCD SAXS and one-dimensional gas-type WAXS detectors
were used to record the scattering intensity. The intensity profile
was output as the plot of the scattering intensity (I) vs the
scattering vector, q=4π(sin θ)/λ, where λ is the wavelength of
X-ray (λ = 0.155 nm) and 2θ is the scattering angle. The
scattering vector was calibrated using silver behenate, sodalite,
and silicon powder. Scattering data were also corrected for
sample transmission, background, and detector sensitivity.

Results and Discussion

Solid and Molten State Morphology. In this study the
crystallization behavior of two sets of PCL-containing co-
polymers are compared. In the first case, the (PCL)2-b-(PS)2
miktoarm star block copolymers have χN values (where χ is
the Flory-Huggins interaction parameter and N, the block
copolymer degree of polymerization) in the range between
7.1 and 24.6 (at 25 �C) that indicate a behavior in between
total miscibility of both blocks (χN lower than 10) and a
weakly segregated regime (especially for χN=24.6).1 In the
second case, the linear PCL-b-PS system has slightly higher
χN values between 8.4 and 38.4 (at 25 �C). It has to be noted
that these segregation strength values are obtained if the
calculation is performed considering the total degree of
polymerization (i.e., considering the molecular weight of
the two PCL and the two PS arms). In Table 2, the segrega-
tion strength χN is presented for 25 and 120 �C, i.e., solid and
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molten state, respectively, calculated in this way and denoted
as χN(1) values. However, in a previous reference, Olvera de
la Cruz and Sanchez,32 calculated in the case of A2B2

miktoarm star copolymers, the segregation strength being
employed as N value and the polymerization degree of the
star copolymer divided by one-half, so that the segregation in
between only one PCL arm and one PS arm is taken into
account as representative of the chemical species present in
the copolymer. However, this does not specifically takes into
account the contribution of the junction point of the four
arms. These values have also been calculated for the mik-
toarm star copolymers and are listed in Table 2 as χN(2)
values. According to these χN(2) values all miktoarm star
samples should be in one phase both at 25 and 120 �C, but
our TEM and SAXS results to be presented below indicated
otherwise. Therefore, for discussion purposes wewill employ
the χN(1) values, since they seem to be closer to what the
experimental results suggest. The errors involved in the
calculation of the segregation strength employing the
above-mentioned formula from ref 5 are unknown.

A schematic drawing of themolecular architecture of both
systems, A2B2 miktoarm star and AB linear block copoly-
mers, is represented in Figure 1. These drawings were made
on a proportional scale with the molecular weight (Mn) of
each component and the totalMn for the copolymer. It very
important to note how the Mn of each component was
distributed from the linear AB diblock to the miktoarm star
block copolymers. TheMn of the PCLblockwithin the linear
AB diblock copolymers was nearly 30 kg/mol, while theMn

of both PCL arms within the miktoarm system was close to
25 kg/mol. Therefore, the length of the PCL block in the AB
linear diblock is similar to the length of both PCL arms in the
miktoarm stars. So, from the PCL content point of view, for
similar compositions, both types of copolymers contain
almost the same amount of PCL, however, topologically,
the PCL chain components differ in each case. It is precisely
the influence of chain topology on the crystallization of the
PCL phase which is the main interest of this work.

Regarding the χN(1) values presented above, it should
be noted that they were calculated using a mathematical
relationship of χ with the temperature taken from the
literature (χPCL/PS(T)=7.4322/T, from ref 5). This relation-
ship was derived for linear diblock copolymers. Its applica-
tion to the miktoarm cases does not take into consideration
the molecular architecture of the components, so it may not
be entirely plausible, but it yields a better approximation
than the results obtained by calculating the χN(2) values, as
commented above.

Figure 2 shows representative TEM micrographs for the
PCL-b-PS linear diblock copolymers and the (PCL2)-b-(PS2)
miktoarm star block copolymers. In the case of linear di-
blocks (Figure 2A-C), depending on the volume fraction of
the blocks, different morphologies were found: PS cylinders

in a PCL matrix for PCL80-b-PS20
36 (Figure 2A), alternat-

ing PCL and PS lamellae for PCL41-b-PS59
73 (Figure 2B)

and PCL cylinders in a PS matrix for PCL20-b-PS80
153

(Figure 2C). The morphologies obtained are expected on
the basis of their composition for segregated diblock copoly-
mers (in this case weakly segregated).1 A well-known appro-
ximately general trend, in segregated linear AB diblock
copolymers, is that when one component is present in
0.39-0.61 volume fraction, a lamellar morphology is ex-
pected, while cylinders are obtained at volume fractions of
0.20-0.33. Therefore, the results obtained in Figure 2A-C
corroborate this trend for the PCL-b-PS linear diblock
copolymers (see Table 3). It should be noted that for the
PCL80-b-PS20

36 copolymer, a PS cylinders morphology was
found even though a χN (1) value was somewhat lower than
10.5 (i.e, the theoretical threshold value for phase segrega-
tion to occur). This evidence the uncertainty in using the χN
values calculated from the solubility parameters for identify-
ing the segregation regime, especially when the value lies in
the vicinity of the threshold one.

In the second row, Figure 2 shows the representative
micrographs of (PCL)2-b-(PS)2 miktoarm star block copoly-
mers (from D to F). The sample (PCL2)72-b-(PS2)28

34 repre-
sents a special case. In this sample, the crystallization from a
single phase melt drove structure formation (due to the low
χN value) and a crystalline PCL lamellar morphology devel-
oped (Figure 2D). This was demonstrated by the SAXS
patterns of this sample in Figure 3A. At 120 �C (>PCL
melting point), the scattering intensity decayed monotoni-
cally without showing any discernible peak, indicating the
absence of microphase separation in the melt. The hole

Table 2. (PCL)2 Weight and Volume Fractions and Segregation Strength (χN) Values Calculated at 25 and 120�C

copolymers wt PCLa φPCL
b χN(1)c (25 �C) χN(1)c (120 �C) χN(2)c (25 �C) χN(2)c (120 �C)

(PCL2)72-b- (PS2)28 0.72 0.76 7.1 5.4 3.6 2.7
(PCL2)39-b- (PS2)61 0.39 0.38 14.3 10.8 7.2 5.4
(PCL2)27-b- (PS2)73 0.27 0.22 25.6 19.4 12.8 9.7

PCL80-b-PS20 0.80 0.79 8.4 6.4
PCL41-b-PS59 0.41 0.40 16.8 12.8
PCL20-b-PS80 0.20 0.19 38.4 29.1

aWeight fraction of the PCLcomponent. bPCLvolumetric fraction determined assuming additive volumes.Densities of the PCL semicrystallinewere
employedusing the corresponding crystallinity degrees calculated byDSC, and crystalline andamorphous values taken from the literature (FPS=1.05 g/
cm3; Fcr-PCL = 1.175 g/cm3; Fam-PCL = 1.09 g/cm3. cThe Flory-Huggins enthalpic segmental interaction parameter, χ, was calculated using the
following equation: χPCL/PS(T) = 7.4322/T.

Figure 1. Schematic representation of the linear PCL-b-PS diblocks
and of the (PCL2)-b-(PS2) miktoarm block copolymers evaluated.
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correlation peak associated with the characteristic thermal
concentration fluctuations of block copolymers in the dis-
ordered melt was also not observed. This is due to the simi-
lar electron density between amorphous PCL (333 e/nm3 at
120 �C) and PS (328 e/nm3 at 120 �C), such that the
modulation of electron density associated with the concen-
tration fluctuations in the disorderedmelt is tooweak to give
rise to discernible hole correlation peaks.45

As the temperature was lowered to 41 �C (a temperature
well above the Tg of homogeneously mixed PS and PCL in
(PCL2)72-b-(PS2)28

34, which is ca.-33.7 �C estimated by the
Fox equation46), the PCL blocks started to crystallize as
evidenced by the corresponding WAXS profiles in
Figure 3B. The crystallinity was found to reach saturation
after 5 min. Accompanied with this crystallization was the
emergence of a peak at 0.36 nm-1 in the corresponding
SAXS profile, due to the formation of a crystalline lamellar
morphology by PCL crystallization. The interlamellar dis-
tance (=17.4 nm) calculated from the peak position agreed
well with that estimated from the TEM micrograph (ca.
18 nm). It is noted that the linear counterpart of (PCL2)72-
b-(PS2)28

34, i.e., PCL80-b-PS20
36 (showing a slightly larger

segregation strength), was able to phase segregate in the melt
and formed PS cylinders in a PCL matrix.

In the case of miktoarm star block copolymers where
phase segregation in themelt was encountered, the morphol-
ogy obtained was quite different from that observed for the
linear analogues. The TEMmicrograph in Figure 2E showed
the formation of a cylindrical morphology in (PCL2)39-
b-(PS2)61

62, where the sample exhibited a clear hexagonal
array of PCL cylinders. The SAXS profiles of this miktoarm
star copolymer are displayed in Figure 4A. A scattering peak

was observable at 120 �C, signaling that the copolymer did
phase segregate in the melt state. The peak was quite weak
due to the low electron density contrast between PS and PCL
as well as the relatively weak segregation strength. The
intensity of the SAXS peak enhanced and a broad shoulder
marked by “i = 1” attributable to the first form factor
maximum of the PCL cylinders emerged when the tempera-
ture was lowered to 41 �C, due to the increases of electron
density contrast and segregation strength upon cooling. The
radius of the cylindrical microdomains calculated from the
form factor position via R=4.98/qm

i=1 was 14.0 nm, which
closely agreed with that estimated from the TEM micro-
graph.

Unlike the case of (PCL2)72-b-(PS2)28
34, the PCL blocks in

(PCL2)39-b-(PS2)61
62 were unable to crystallize up to at least

30 min at 41 �C, as manifested by the WAXS profiles in
Figure 4B. This can be attributed to the change of the
nucleation mechanism from heterogeneous to homogeneous
nucleation (or surface nucleation) experienced by the PCL as
it is confined in isolated cylinders with amuch higher density
that the density of heterogeneities available in equivalent
bulk PCL (for details on fractionated and homogeneous
nucleation of isolated microdomains within block copoly-
mers the reader is referred to references78, and30 and to
references therein).

For (PCL2)27-b-(PS2)73
100, a sphere morphology was ob-

served in the TEM micrograph (see Figure 2.F, the morphol-
ogy consists of a PS matrix with PCL nanospheres dispersed
disorderly). Figure 5A displays the SAXS profiles of this
copolymer. Similar to the peak found for (PCL2)39-b-(PS2)61

62,
a weak scattering peak associated with the microphase separa-
tion was observed at 120 �C. As the temperature was subse-
quently lowered to 41 �C, PCL did not crystallize as evidenced
by the WAXS profiles in Figure 5B due to the strong hard
confinement effect imposed by PS matrix to PCL crystal-
lization. The enhancement of SAXS intensity and the emer-
gence of the form factor peak (marked by “i=1”) at 41 �Cwas
again due to increase of electron density contrast and segrega-
tion strength. The position of the form factor peak prescribed
the radius of the spherical microdomains via R=5.765/qm

i=1

of 14.2 nm.47

Table 3.Molten StateMorphology for the (PCL2)-b-(PS2)Miktoarm
and of the PCL-b-PS Linear Block Copolymers

morphology expected TEM morphology found

(PCL2)72-b- (PS2)28
34 PS cylinders crystalline lamellae

PCL80-b-PS20
36 PS cylinders PS cylinders

(PCL2)39-b- (PS2)61
62 lamellar PCL cylinders

PCL41-b-PS59
73 lamellar lamellar

(PCL2)27-b- (PS2)73
100 PCL cylinders PCL spheres

Figure 2. TEMmicrographs of selected linear PCL-b-PS diblock and of the (PCL2)-b-(PS2) miktoarm copolymers. The copolymers were stained with
RuO4 (the PS component is gray).
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The morphological characterizations revealed that the
morphologies are more confined for the PCL component
in the miktoarm star copolymers than expected on the basis
of the composition (see Table 3, in bold letters). This result
could indicate that the segregation strength in the miktoarm
star block copolymers may be stronger than that predicted
by the simple calculations reported inTable 2. Consequently,
the miktoarm segregation strength may be larger than that
exhibited by the corresponding linear diblocks at similar
PCL contents.

A change in the phase diagram occurs because of the
higher resistance of the arms to be stretched in the miktoarm
star block copolymers when compared with analogous linear
diblock copolymers. In our previous contribution5 we had
inferred this by realizing that the morphology obtained for
the miktoarm star block copolymer employed was not
expected for their volumetric compositions, but no experi-
mental confirmation was possible since we did not have

linear analogous diblock copolymers. In the present
study, we were able to synthesize the linear PCL-b-PS of
similar compositions required in order to produce a direct
morphological comparison, as presented in Figure 2. The
molecular weight differences in between the linear and the
miktoarm diblock copolymer samples are not significant. In
any case, theMn for the linear diblock copolymers is slightly
larger than that of themiktoarm copolymers, a fact that if we
only take into consideration molecular weight differences
would imply a higher segregation strength (and therefore
confinement for the PCL domains) in the linear diblock
copolymer case. The results presented in this paper suggest
just the opposite (at least for the samples that do exhibit
segregation strength in the melt) as will become very clear
upon examination of the PCL crystallization kinetic results
below.

For example, the observation of a clear hexagonally
packed cylindrical morphology by TEM in the miktoarm

Figure 4. SAXS (A) and WAXS (B) profiles of (PCL2)39-b-(PS2)61
62 collected at 120 �C and subsequently at 41 �C at different time upon cooling.

Figure 3. SAXS (A) and WAXS (B) profiles of (PCL2)72-b-(PS2)28
34 collected at 120 �C and subsequently at 41 �C at a different time upon cooling.
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star block copolymer (PCL2)39-b-(PS2)61
62 in spite of its

approximate 0.39 volume fraction of PCL is peculiar since
for such a composition lamellarmicrodomains or gyroids are
expected for linear diblock copolymers analogues. Indeed, as
it can be seen in Figure 2B, for the PCL41-b-PS59

73 linear
diblock copolymer, very clear lamellae can be observed. The
peculiar behavior of themiktoarm star block copolymers can
be explained by considering the theoretical work ofMilner,33

who postulated that a higher resistance of the arms to be
stretched in miktoarm star block copolymers should be
expected as compared to linear counterparts. Also, Olvera
de la Cruz and Sanchez32 proposed for miktoarm star block
copolymers that the relative strong dependence of the phase
boundaries on the number of each type of arm and the
inherent resistance of each arm to stretching (lower entropy
values for the miktoarm stars) are the principal causes that
can explain possible morphological discrepancies between
AB linear diblock copolymers and miktoarm star block
copolymers.

Another two factors must also be considered since they
can affect the above explanation of our results. First, it
would be ideal to have experimental evidence on a larger
number of samples so as to have the full spectrum of possible
morphological changes covered within the phase diagram of
the systems, this has not been achieved in this work because
wewere only able to prepare a limited number of comparable
linear and star copolymers in view of the laborious synthesis
procedure employed. The second factor deals with the poly-
dispersity of the samples, as discussed below.

Recently, several authors48-51 have addressed the influ-
ence of molecular weight polydispersity index (PDI) upon
the phase separation behavior of diblock copolymer systems.
The influence of PDI has been studied by increasing the
polydispersity of only one block while that of the second
block remains constant. When the PDI is increased in the
minority block, transitions can occur to morphologies with
increased mean interfacial curvature (e.g., lamella fgyroid
f cylinder). On the other hand, when the PDI is increased in
the majority block, transitions can occur to morphologies
with decreased mean interfacial curvature (e.g., cylinder f
gyroid f lamella).

In the case of the copolymers synthesized in this work, the
PCL and the (PCL2) macroinitiators have very similar poly-
dispersities (see Table 1). If only the diblock copolymers
are taken into account, we have demonstrated by TEM
that no changes in the expected morphologies have occurred
evenwhen their polydispersities varied in the range 1.35-1.7.
The effect of polydispersity48-51 has been described in the
literature for diblock copolymers only and not for stars. In
the case of the stars an even narrower range of polydispersities
were obtained for the synthesized samples (i.e., 1.15-1.41).We
therefore think it is unlikely that the changes in morphology
that we have found, when comparing the diblock copolymers
with the stars, are due to polydispersity issues.

One very clear example can be taken from the results
presented above. The linear diblock copolymer sample
PCL20-b-PS80

153 has a polydispersity of 1.46 according to
Table 1. Amorphology of hexagonally packed cylinders was
observed by TEM in this sample, as expected for a strongly
segregated diblock copolymer of narrow polydispersity;1

therefore, we assume that no polydispersity effect is observed
for this sample, since no change phase boundary can be
detected. The miktoarm star copolymer (PCL2)27-b-
(PS2)73

100 of similar composition formed spheres. The poly-
dispersity of this star sample is 1.41, so it is almost the same as
its linear counterpart. In fact, the star contains 7% more
PCL than the linear sample and even so, PCL spheres are
formed. We believe the morphological change is due to the
molecular architecture effect rather than any polydispersity
difference. However, since we only have two sets of sam-
ples (2 stars and two linear copolymers) with segregated
melt morphologies (unfortunately the sample (PCL2)72 -b-
(PS2)28

34 was melt mixed, as indicated above), we can not be
absolutely sure that the effect described in this paper is solely
due to molecular architecture. More samples would be
needed to confirm this hypothesis.

Differential Scanning Calorimetry Studies. The DSC cool-
ing scans from the melt and subsequent heating scans,
respectively, for the PCL-b-PS linear diblock copolymers
and for the (PCL)2-b-(PS)2 miktoarm star block copolymers
are illustrated in Figures 6 and 7. In addition, a PCL
homopolymer with a number-average molecular weight of

Figure 5. SAXS (A) and WAXS (B) profiles of (PCL2)27-b-(PS2)73
100 collected at 120 �C and subsequently at 41 �C at different time upon cooling.
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29 kg/mol and a polydispersity of 1.30 was employed for
comparison with a homopolymer (denoted as PCL29). All
relevant transition temperatures and enthalpies extracted
from both Figure 6 and Figure 7 are listed in Table 4.

PCL29 exhibits a crystallization (Tc) and melting tempera-
ture (Tm) of 31.5 and 56.8 �C, respectively. It is well-known
that when morphological confinement increases, the Tc and
Tm values can also decrease.8 This decrease in the melting
temperature (and in the enthalpy related to this process,

see Table 4) indicates that the previous crystallization pro-
cess was somewhat impaired (i.e., it occurred at lower
temperatures where thinner lamellar crystals that melt at
lower temperatures are produced) within each isolated MD
(lamellar, cylinders, or spheres) where the confinement
increased as result of increasing the PS component within
the copolymers under study.

Comparing the crystallization andmelting behavior of the
PCL miktoarm and the PCL diblock copolymers, a general
trend could be observed: both crystallization and melting
temperatures, and crystallinity degrees are smaller for the
PCL phase within the miktoarm stars than within the linear
diblock copolymers at equivalent compositions thus indicat-
ing a higher degree of confinement for the miktoarm star
block copolymers (A2B2 vs AB).

Some key factors to be considered are as follows: (i) the
crystallization exotherm of PCL homopolymer displays a
single main crystallization exotherm where the polymer
crystallizes; (ii) samples where the PCL component consti-
tutes the matrix (i.e., (PCL2)72 -b-(PS2)28

34 and PCL80-b-
PS20

36) behave very similar to the PCL homopolymer in view
of the large PCL content; (iii) for the copolymers with lower
PCL contents (in both systems), the depression on the Tc

value is mainly caused by the confinement imposed by the
surrounding glassy PS matrix. If these microdomains are
mostly isolated no crystallization is detected in the available
measurements range for the sample (PCL2)27-b-(PS2)73

100,
a fact most probably connected to the homogeneous or
superficial nucleation of the vast majority of the nano-
spheres5,8 which would only produced detectable crystalli-
zation during cooling in the DSC at temperatures very close
to Tg, i.e., between -40 and -50 �C, i.e., just below our
measurement range. However, in the PCL cylinders case,
i.e., PCL41-b-PS59

73, we believe an important fraction of
themmust be percolated since their crystallization tempera-
tures was much larger than those exhibited by the PCL
nanospheres.

The self-nucleation experiment proposed by Fillon et al.43

and employed by us in the past for the characterization of
many crystallizable block copolymer systems7,8,52 was ap-
plied to the PCL-containing copolymers presented here
(both systems). The following samples: PCL,29 (PCL2)72-
b-(PS2)28

34, PCL80-b-PS20
36 and PCL41-b-PS59

73 were found
to exhibit the “classic” self-nucleation behavior. This was
expected for the systems where the crystallizable component
forms the matrix or the percolation level is high enough to
allow the spread of secondary nucleation through all the
PCL crystallizable material, in a manner similar to that
within the PCL homopolymer.8 The location of the self-
nucleation domains for these samples is shown in Table 5.

When the copolymers exhibited a completely isolated
microdomain morphology at low PCL content (PCL cylin-
ders or PCL spheres), i.e., (PCL2)39-b-(PS2)61

62, (PCL2)27-b-
(PS2)73

100 and PCL20-b-PS80
153, a self-nucleation behavior

Figure 6. Cooling DSC scans (20 �C/min) for: (A) linear PCL-b-PS
diblock copolymers and, (B) (PCL2)-b-(PS2) miktoarm block copoly-
mers. The curves were normalized as a function of the PCL content
within the copolymers.

Figure 7. HeatingDSC scans (20 �C/min): (A) linear PCL-b-PSdiblock
copolymers and (B) (PCL2)-b-(PS2) miktoarm block copolymers. The
curves were normalized as a function of the PCL content within the
copolymers.

Table 4. Thermal Properties of the (PCL2)-b-(PS2) Miktoarm Star
and of the PCL-b-PS Linear Block Copolymers Studied

samples
Tc,peak

(�C)
ΔHc

(J/g)
Tm,

peak�C
ΔHf

(J/g)
Xc

(%)
Tg

(�C)

PCL29 31.5 -64 56.8 70 50

(PCL2)72-b- (PS2)28
34 29.9 -60 56.1 66 47

(PCL2)39-b- (PS2)61
62 17.2 -18 54.5 23 17 103.1

(PCL2)27-b- (PS2)73
100 49.4 7 5 104.9

PCL80-b-PS20
36 31.1 -52 56.4 60 44 99.5

PCL41-b-PS59
73 27.7 -38 55.7 45 32 102.5

PCL20-b-PS80
153 22.1 -25 55.0 28 21 103.3

Table 5. Self-Nucleation Domains Location for the PCL Homo-
polymer and for the PCL Containing Copolymers

samples domain I to II (�C) domain II to III (�C)

PCL29 67 58
(PCL2)72-b-(PS2)28

34 65 58
PCL80-b-PS20

36 66 58
PCL41-b-PS59

73 65 58

samples domain I to III (�C)

(PCL2)39-b-(PS2)61
62 58

(PCL2)27-b-(PS2)73
100 51

PCL20-b-PS80
153 54
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was observed that totally differs from the “classic” beha-
vior explained before. For these samples a direct transition
from domain I to domain III was observed, a characteri-
stic behavior exhibited by isolated MDs within block
copolymers.8,23,24

The self-nucleation behavior presented by the samples,
corroborates the assumption regarding the higher degree of
confinement imposed by the molecular architecture of the
miktoarm stars as compared to linear block copolymers
upon the final solid-state morphology. For example, at
similar PCL content (i.e., PCL41-b-PS59

73 vs (PCL2)39-b-
(PS2)61

62), the difference found in the morphology
(lamellae vs PCL cylinders, respectively) produces the
observed difference in the self-nucleation behavior.

DSC isothermal scans were recorded in order to study the
crystallization kinetics of the PCL component within
the miktoarm and linear diblock copolymers after melting
the samples for 3 min at 100 �C and quenching them (at 60
�C/min) to the desired crystallization temperature (Tc).

The overall isothermal crystallization kinetics can be
described by the Avrami equation:53-55

1-Vcðt-toÞ ¼ expð-kðt-toÞnÞ ð1Þ
whereVc is the relative volumetric transformed fraction (i.e.,
relative amount of material that has crystallized), n is the
Avrami index and k the overall crystallization rate constant
(i.e., it contains contributions from both nucleation and
growth), and to is the induction time. The fit to eq 1 was
performed in the range 3-25% were correlation coefficients
of at least 0.9999 were obtained; for error assessment in-
volved in the Avrami fit, the reader is referred to ref 55 since
we have closely followed the guidelines proposed there.
Nevertheless, it was observed that the fits described the
experimental data (results not shown) reasonably well even
until 50% conversion (i.e., in the entire primary crystal-
lization range).

From Figure 8, it can be noted that the Avrami index
increases with Tc when the PCL content within the copoly-
mers samples is nearly 50 wt % (also for the PCL homo-
polymer). Such a trend has been reported in the literature for
PCL and many other polymers and it has been related to
changes in the nucleation mechanism from instantaneous to
sporadic nucleation when growth dimensionality is kept
constant.53-55 When the PCL content is low the Avrami
index is not so sensitive to changes in Tc.

The Avrami index exhibits a decreasing trend as the PCL
content within the samples decreases (Figure 8). In other
words, there is a clear correlation between a decrease in the
Avrami index and an increase in confinement. The shift in
the crystallization temperature range is additional evidence
of those restrictions, since the higher the confinement degree,

the larger the supercooling (lower Tc range) needed for the
crystallization of PCL.

Now, when the comparison between the miktoarm stars
and the linear block copolymers is performed, three impor-
tant effects were found that can be highlighted:

(1) A decrease in Avrami index was found due to the
morphological change at similar compositions when
comparing linear vs miktoarm star block copoly-
mers, and

(2) When similar morphologies are considered, the
Avrami index also decreased in the miktoarm star
copolymers as compared to the linear ones (i.e.,
(PCL2)39-b-(PS2)61

62 vs PCL20-b-PS80
153 where both

samples exhibited PCL cylinders in a PS matrix).
(3) For the cases where the PCL component is highly

confined, i.e., (PCL2)27-b-(PS2)73
100, Avrami indexes

in between 1.5 and 1 were found. We could infer, in
this case, that crystallization starts from superficial
or homogeneous nucleation phenomena because of
the higher supercooling (as compared to other sam-
ples and to the PCL homopolymer) needed for
crystallization. It is now well-known,8 that when a
polymer is confined within a high density of isolated
microdomains (i.e, spheres or cylinders) the prob-
ability for the superficial or homogeneous nuclea-
tion to occur increases.8 From a mathematical point
of view, it has been established that when near first-
order kinetics are obtained using the Avrami fit, the
crystal growth must be essentially instantaneous
within isolated MDs, thus the nucleation will
be the rate-determining step in the crystallization
process.8,19

Wehave employed the inverse of τ50% (i.e., the time needed
for 50% relative overall crystallization) as a measure of the
crystallization rate in order to analyze its dependence on the
crystallization temperature (see Figure 9).

Figure 9 shows that the degree of supercooling needed for
PCL crystallization increases with the content of PS in the
copolymers. The PCL component within the miktoarm star
block copolymers needs much larger supercoolings for crys-
tallization than the PCL component within the analogue
linear diblock copolymers. One way to represent this effect is
shown in Figure 10 where the crystallization temperature
needed to achieve a constant value of 1/τ50% of 0.3 min-1 is
plotted as a function of PCL content for both types of
copolymers. The Tc value decreases (i.e., the supercool-
ing increases) as the PCL content decreases but the change
is much more pronounced for the miktoarm star block

Figure 8. Avrami index values as a function of the isothermal crystal-
lization temperature for the indicated copolymers. Figure 9. Variation of 1/τ50% (inverse of half-crystallization time)

values as a function of the crystallization temperature for the evaluated
copolymers. Solid lines indicate the fitting to the Lauritzen-Hoffman
crystallization theory.
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copolymers than for the linear diblock copolymers, especially
when the PCL content is below 50%. This is another way to
reflect the higher confinement degree experienced by the PCL
component within the miktoarm star block copolymers in
comparison to the PCL component within the linear diblock
copolymer samples.

In the extreme confinement case, where the PCL forms
isolated nanospheres (i.e, sample (PCL2)27-b-(PS2)73

100), aTc

of 2.5 �C is needed for the sample to reach the stipulated 0.3
min-1 rate. In fact for this sample the isothermal crystal-
lization kinetics was performed by steps because the amount
of heat evolved per unit time was too small to be measured
isothermally under the resolution of the DSC (see Experi-
mental Part for more details on the protocol).

The absolute degree of crystallinity (% Xc) achieved at a
constant value of 1/τ50% of 0.3 min-1, is shown in Figure 11
for all the samples evaluated. Once again, the confinement
degree is found to increase with PS content in the copolymers
and more importantly, that the degree of confinement of the
PCL component is much higher in the miktoarm star copo-
lymers than in the linear diblock copolymer analogues. The
degree of crystallinity drops almost an order of magnitude
(i.e., from a value close to 50% to 5%) when a comparison is
made between bulk PCl29 (homopolymer) and the PCL
nanospheres within (PCL2)27-b-(PS2)73

100 miktoarm star
copolymer.

The isothermal crystallization kinetics data have been
analyzed with a variety of models in order to quantify the
energy barriers associated with the overall crystallization

(that includes nucleation and growth) as a function of PCL
content. These models can be summarized as follows:

(I) The theory of Lauritzen and Hoffman (LH), which
provides expressions for the linear growth rate (originally of
spherulites, axialites or single crystals) as a function of
supercooling. This theoretical approach assumes that the
lateral growth rate (g) is equal to the microscopically ob-
served growth rate (G). A modified version of the Lauritzen
and Hoffman theory applied to overall crystallization data
(obtained from isothermal DSC data) can be used to fit
the experimental data points in Figure 9 (the solid lines
represent the fit to this theory). The equation employed
was as follows:53,54,56

1

τ50%
ðTÞ ¼ Go

τ exp -
U�

RðTc-T¥Þ
� �

exp -
Kτ

g

TΔTf

 !
ð2Þ

where τ50% is the overall crystallization half-time determined
from DSC measurements. The inverse of τ50% represents a
measure of the overall crystallization rate that takes into
account both nucleation and growth. U* is the activation
energy for the transport of the chains to the growing nuclei (a
value of 1500 cal/mol is usually employed), R is the gas
constant and Tc the isothermal crystallization temperature.
T¥ is the temperature at which chain mobility ceases and it is
usually taken as Tg -30 (K). ΔT is the supercooling defined
as (Tm

0-Tc), where Tm
0 is the equilibrium melting point. The

factor f is a temperature correction term equal to: 2Tc/
TcþTm

0 ; and Kg
τ is a term proportional to the energy barrier

for the overall crystallization process. From Kg
τ a value of

the fold surface free energy (σe) can be obtained (see ref 52 for
more details)

(II) Classical theories that consider only primary nuclea-
tion have also been employed to fit the data. Two cases of
nucleation in the vicinity ofTm� have been considered: (a) for
three-dimensional nucleation, N(T) is proportional to (1/
ΔT2) (see eq 3), and (b) for two-dimensional nucleation,N(T)
is proportional to (1/ΔT) (see eq 4).24,53

NðTÞ ¼ N0 exp
-ED

�
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mÞ2
TðΔTÞ2
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-ED

�
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-
k2T

0
m

TΔT
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Here ED* is the activation free energy for the short-range
movement of molecules crossing the interfacial boundary in

Figure 10. Variation of isothermal crystallization temperature, Tc, at a
constant overall crystallization rate (1/τ50%) of 0.3 min-1, as a function
of PCL content within the copolymers samples evaluated, and for the
PCL29 homopolymer.

Figure 11. Variation of the degree of crystallinity (%Xc), at a constant
overall crystallization rate (1/τ50%) of 0.3 min-1, as a function of PCL
content within the copolymers samples evaluated, and for the PCL29

homopolymer.

Table 6. Values Obtained by Fitting the DSC Isothermal Experi-
mental Data of the (PCL2)-b-(PS2)MiktoarmStar and of the PCL-b-

PS Linear Block Copolymers to the Different Approachsa

samples Kg
τ (K2) k2 (K 3min-1) k3 (K 3min-1)

PCL homopolymer 9.2� 104 2238 213

(PCL2)72-b-(PS2)28
34 11.8� 104 2743 245

(PCL2)39-b-(PS2)61
62 16.6� 104 3650 311

(PCL2)27-b-(PS2)73
100 41.0� 104 7954 712

PCL80-b-PS20
36 9.8� 104 2457 236

PCL41-b-PS59
73 10.9� 104 2687 241

PCL20-b-PS80
173 12.9 � 104 3313 256

aConstants employed: a0=4.5 Å, b0=4.1 Å, Fc=1.175 g/cm3, Fa=
1.09 g/cm3,ΔHm

o =139.5 J/g,Tm
o =69.05 �C,Tg=-64.15�C, andT¥=

(Tg - 30) = -94.15 �C.
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order to join the nucleus. The constants k3 and k2 contain
information about the geometry of the nucleus, whether it is
formed by homogeneous or heterogeneous nucleation and
the enthalpy of fusion per repeating unit.

Even though the LH treatment was developed for describ-
ing crystal growth only, it could be employed to describe
overall crystallization.52 In these cases, the energy barrier for
crystallization reflected in the Kg

τ value will contain the
contribution from nucleation and crystal growth (see
Table 6).

Coming back to Figure 9, the solid lines that pass through
the data points are fits to the LH theory applied to predict
overall crystallization kinetics data of 1/τ50% for the PCL
containing copolymers and also for PCL homopolymer.
We have initially assumed that crystal growth occurs
under regime II and the values of all parameters employed
for the calculation are listed at the bottom of Table 6.
From Figure 9, it can be concluded that in the PCL
containing copolymers (miktoarm and diblocks) where
confinement is higher (cylinders and spheres morpho-
logies) the overall crystallization rates are strongly affec-
ted. The energy barrier expressed as Kg

τ values are also
affected by macromolecular architecture (see Table 6 and
Figure 12): the values are much higher in the stars as
compared to the linear copolymers, both at identical com-
position or similar morphology, as shown in Figure 12a.
However, it should be noted that a different trend in
Kg

τ values with composition has been previously reported for
strongly segregated PS-b-PE diblock copolymers.24 In that
case, when strictly confined morphologies were obtained in a
glassy matrix (PE cylinders and spheres), the Kg

τ value was
decreased. This behavior was attributed to a change in the
overall crystallization rate because the nucleation step becomes
rate determining (for more details, see ref 24). We think that
the behavior differs depending on the segregation strength of
the copolymers and the degree of confinement and isolation of
the microphases involved.

The data in Figure 12 and Table 6 demonstrate that
regardless of the theory employed, similar trends to that
exhibited by Kg

τ as a function of composition are obtained
when k2 or k3 are considered (these parameters can not be
quantitatively compared in view of their different units and
conceptual differences, but they are all proportional to
energetic terms related to the difficulty in carrying out the
nucleation and growth processes).

Conclusions

In the present work, the influence of molecular architecture
and composition on the morphology, nucleation and crystal-
lization kinetics of the PCL componentwithin analogous samples
of miktoarm and linear block copolymers has been studied.

We demonstrated experimentally that the morphology of the
miktoarm copolymers changes at equivalent compositions as
predicted byMilner andOlvera and S�anchez in view of the higher
entropic resistance of the arms of the miktoarm stars copolymers
to be stretched, as compared to linear diblock copolymer analo-
gue samples. However, only a limited number of samples were
examined. The possible effect of polydispersity on phase bound-
ary changes was also taken into account.

Both standard and isothermal DSC experiments allowed us
to conclude that the ability of the PCL component within these
block copolymers to nucleate and crystallize can be severely
impaired by the combined effect of composition andmolecular
architecture. In general, as the content of PS increases, the degree
of confinement of the PCL component also increases. Addition-
ally, such confinement of the PCL component is much more
pronounced in themiktoarm block copolymer samples than in the
linear block copolymer analogues, especially when the PS content
is higher than 60%. Adequate interpretation of the isothermal
crystallization kinetic data with the Avrami theory or with kinetic
molecular theories yields parameters that quantitatively confirm
this strong confinement.

Note Added after ASAP Publication. This article was
published ASAP on October 1, 2009. A change has been
made to the title of the paper. The correct version was
published on October 7, 2009.

Figure 12. Parameters related to energetic terms for overall crystal-
lization as functions ofPCLcontentwithin themiktoarm star and linear
block copolymers. Three plots are shown corresponding to (a) the LH
treatment, (b) two-dimensional nucleation, and (c) three-dimensional
nucleation. See text.
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