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ABSTRACT: Crystalline−amorphous diblock copolymers
(BCPs) comprising crystalline blocks of isotactic polypropylene
(iPP) or polyethylene (PE) linked to amorphous blocks of random
ethylene−propylene copolymers (EPR) (iPP-b-EPR and PE-b-
EPR) of different block lengths and ethylene concentrations in
EPR blocks, and crystalline−crystalline BCPs composed by iPP
and PE blocks (iPP-b-PE) have been synthesized with different
living catalysts. The effects of the presence of a linked EPR rubbery
block of varying composition on the crystallization behaviors and
kinetics of PE and iPP, and of crystalline PE or iPP block on the
crystallization kinetics of linked iPP or PE, respectively, have been
analyzed. All samples have been isothermally crystallized from
melting at different temperatures, and the crystallization kinetics
have been analyzed. In iPP-b-PE BCPs, the PE block crystallizes first from the melt during nonisothermal cooling or isothermal
crystallization. The iPP block crystallizes after PE and nucleates over the PE crystals. In both iPP-b-EPR and PE-b-EPR BCPs, the
linked amorphous EPR block slows down the crystallization of iPP and PE blocks with respect to their respective homopolymers.
Furthermore, in iPP-b-EPR samples, a higher concentration of propylene in the EPR phase results in a more significant slowdown of
the crystallization kinetics of iPP due to a higher solubility between the blocks. Analogously, in PE-b-EPR copolymers, the increase in
the length of the EPR block results in a more pronounced slowdown of the crystallization rate of PE with respect to the PE
homopolymer due to the significant dilution exerted by the long EPR block. All samples of iPP-b-PE copolymers show crystallization
rates lower than that of the PE homopolymer but faster than that of the iPP homopolymer. In isothermal crystallization experiments,
the iPP blocks do not crystallize, not even at low crystallization temperatures, but crystallize upon successive cooling, nucleating over
the PE crystals formed in the isothermal step. Therefore, the linked iPP, which remains in the melt during the isothermal
crystallization, slows down the crystallization kinetics of PE, in contrast to what happens in a sample of iPP/PE blend, where the
crystallization kinetics of PE is not affected by the presence of the phase-separated iPP.

■ INTRODUCTION
Over the years, significant attention has been devoted to
investigating the crystallization behavior of block copolymers
(BCPs) containing one or two crystallizable segments,
reflecting ongoing interest in this field.1−11 It is widely
recognized that the crystallization process of such materials
is primarily affected by factors like molecular microstructure
and architecture, molecular mass, number of crystallizable
blocks, and crystallization conditions,4−7,10−19 as well as
segregation strength.20−25 Crystallizable BCPs constituted by
polymer blocks that are miscible in the melt or weakly
segregated generally show solid-state morphologies dictated by
the crystallization, as the first block that crystallizes upon
cooling from the melt can form superstructures that template
the crystallization of the other crystallizable block.5,11,25−28 On
the other hand, crystallizable BCPs that form phase-separated

structures in the melt may exhibit confined crystallization
within microdomains formed in the melt, giving different
morphologies depending on composition and thermodynamic
repulsion.5,11,28−32 However, other phenomena may take place,
as the breakout crystallization, where crystallization completely
destroys the ordered structure of the melt, leading to the
typical morphology of crystalline lamellae and spheru-
lites,5,11,17,33 or the pass-through crystallization where crystal-
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line lamellae of one component growing inside microdomains
pass through different microdomains without destroying the
phase-separated structure.5,11,19,34−42

Several reports published in the last decades have
convincingly demonstrated how the crystallization kinetics in
BCPs are significantly influenced by confinement effects,
miscibility, and also nucleation. For example, the nanoconfine-
ment imposed by PE crystals in polyethylene-block-poly-
(ethylene oxide) (PE-b-PEO) BCPs produces a slower
crystallization rate of the PEO block with respect to the
same molecular weight PEO homopolymer.30 Fractionated
crystallization and “fractionated melting” further evidenced the
strong confinement of the PEO block inside spherical
microdomains.30 In strongly segregated polyethylene-block-
poly(L-lactide) (PE-b-PLLA) systems, the isothermal crystal-
lization rate of the PLLA block decreases as compared to
homo-PLLA by the covalently linked molten PE chains, as
reported by Castillo et al.31

Decrease of the crystallization rates has also been observed
in weakly segregated BCPs due to the miscibility between the
blocks, as occurs in poly(L-lactide)-block-poly(caprolactone)
(PLLA-b-PCL) BCPs, where the crystallization of the PLLA
block is slowed down by a diluent effect exerted by the PCL
block, which, in turn, crystallizes inside the interlamellar
regions of the spherulites of PLLA formed before and give, for
PCL contents lower than 40%, also in this case fractionated
crystallization.27 Moreover, Müller et al.28 demonstrated that
the crystallization rate of the PE block decreases to a larger
extent when it is linked to a miscible ethylene−propylene
block due to a strong diluent effect and to a lower extent by the
confinement exerted by glassy PS, rubbery poly(D,L-lactide),
and semicrystalline PLLA blocks. In the latter case, also the
nucleation effect of PLLA crystals on PE must be considered in
order to explain the lower crystallization kinetics of the PE
block when covalently bonded to amorphous poly(D,L-lactide)
rather than to the previously crystallized PLLA.28

The above-mentioned studies represent only a minority of
the extensive literature published regarding block copolymer
crystallization. However, despite the large number of papers
published in this field, studies of the crystallization kinetics of
monodisperse BCPs containing blocks of stereoregular
isotactic polypropylene (iPP) are still missing. The crystal-
lization kinetics of iPP have been studied only in the
framework of physical blends,43−52 which are systems under
active investigation with the aim to improve their mechanical
properties. Moreover, the studies concerning PE-based BCPs
have been limited to systems containing blocks of highly
defective PE segments obtained by hydrogenation of 1,4-
polybutadiene blocks, therefore, containing significant fractions
of 1-butene unit defects generated by hydrogenation of 1,2-
polybutadiene unit defects present in the 1,4-polybutadiene
block.3,11,25,28,31

Only in recent time the development of stereoselective
catalysts has granted access to precise control over block length
in living and stereoselective olefin polymerization,53−60 thus,
allowing the preparation of BCPs made of crystallizable blocks
of stereoregular polypropylene and linear PE17−19,59,60 and of
PE-based BCPs with a melting temperature of the PE block
higher than 120 °C.61,62

Here we report the analysis of the crystallization behavior
and morphology of crystalline−crystalline BCPs in which iPP
and linear PE blocks are linked (iPP-b-PE) and of crystalline−
amorphous BCP samples in which an amorphous rubbery

block of a random ethylene−propylene copolymer (EPR) is
linked to a block of iPP (iPP-b-EPR) or a block of linear PE
(PE-b-EPR). We describe for the first time how the
crystallization behaviors of PE and iPP are affected by the
presence of a linked EPR rubbery block of different block
lengths and ethylene concentrations and the influence of a
crystalline PE or iPP block on the crystallization kinetics of iPP
or PE, respectively. The effects of the presence of covalently
linked amorphous or crystalline blocks and of the strong or
weak phase separation in the melt are compared. The
comprehensive characterization of the crystallization behavior
and kinetics of these novel materials is crucial to tuning their
properties in pursuit of potential applications as compatibil-
izers in polymer blends or thermoplastic elastomers.

■ EXPERIMENTAL SECTION
Samples of crystalline−crystalline BCPs composed by iPP and PE
blocks (iPP-b-PE) and samples of crystalline−amorphous BCPs
comprising crystalline blocks of iPP or PE linked to an amorphous
block of EPR (iPP-b-EPR and PE-b-EPR) were synthesized by living
catalysis employing the catalytic systems shown in Chart 1.59−62

The values of molecular mass, polydispersity, weight fractions of
blocks, and ethylene concentrations in the EPR block of all the BCP
samples are reported in Table 1. The samples are defined with the
symbols iPP-PE-x, iPP-EPR-x-z, and PE-EPR-y-z, with x and y the
weight fractions of iPP and PE blocks, respectively, and z the ethylene
concentration in the EPR block (Table 1).

Samples of iPP homopolymer, iPP-b-PE, and iPP-b-EPR BCPs with
blocks of different lengths were prepared using the pyridylamidohaf-
nium complex and B(C6F5)3 as catalytic system (Chart 1A), as
reported in the Supporting Information.59,60 The samples have total
molar mass in the range of 113−180 kg/mol, several molar masses of
the two blocks, and different ethylene concentrations in the EPR
block.

PE homopolymer and PE-b-EPR BCPs samples were prepared by
living polymerization using the organometallic catalyst based on the
bis[N-(3-tert-butylsalicylidene)-2,3,4,5,6-pentafluoroanilinato]-
titanium(IV) dichloride complex (Chart 1B), in combination with
methylalumoxane (MAO), as reported in the Supporting Informa-
tion.61,62 The samples have total molar mass in the range of 67−140
kg/mol, different molar masses of the two blocks, and different
ethylene concentrations in the EPR block.

Experimental details regarding the characterization by gel
permeation chromatography (GPC), 13C NMR, wide-angle X-ray
diffraction, differential scanning calorimetry (DSC), polarized light
optical microscopy (PLOM), and preparation of the blend of iPP and
PE homopolymers are reported in the Supporting Information (SI).

The 13C NMR spectra of the iPP homopolymer and of iPP-b-PE
and iPP-b-EPR BCPs are reported in Figures S1−S3. The data

Chart 1. Hafnium (A) and Titanium (B) Complexes Used as
Catalysts for the Preparation of the BCP Samples
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indicate that the iPP homopolymer and the iPP block within BCPs
have moderate stereoregularity, with the concentration of the fully
isotactic mmmm pentad being approximately 91%, and the presence of

a significant amount of stereodefects represented by rr triads and
about 2% of regiodefects due to 2,1 secondary propene units.59 The
ethylene content in EPR blocks of iPP-b-EPR was evaluated from the

Table 1. Total Molecular Mass (Mn), Polydispersities (Mw/Mn), Molecular Masses of iPP, PE, and EPR Blocks and
Concentration of Ethylene in the EPR Blocks of the iPP-b-PE, iPP-b-EPR, and PE-b-EPR BCPs

Mn
a (kDa) Mw/Mn

a Mn(iPP)
a (kDa) Mn(PE) (kDa) Mn(EPR) (kDa) wiPP (wt %) wPE (wt %) [E]d (mol %)

iPP 139.8 1.29 139.8 100
iPP-PE-64 180.6 1.26 94.6 86b 64d 36f

iPP-PE-60 113.5 1.3 61.5 52b 60d 40f

iPP-PE-52 163.5 1.19 64.6 98.9b 52d 48f

iPP-EPR-38-43 178.2 1.17 67.8 110.4b 38e 43
iPP-EPR-40-29 161.2 1.26 64.4 96.8b 40e 29
PE 67.0 1.2 67.0a 100
PE-EPR-69-76 87.7 1.27 60.8a 26.2c 69g 76
PE-EPR-45-62 139.9 1.44 63.3a 76.6c 45g 62

aFrom GPC. bFrom total Mn and Mn(iPP), such as Mn(PE/EPR) = Mn − Mn(iPP).
cFrom total Mn and Mn(PE), such as Mn(EPR) = Mn − Mn(PE).

dFrom 13C
NMR spectra. eFrom total Mn and Mn(iPP), such as wiPP = Mn(iPP)/Mn.

fFrom wiPP, such as wPE = 100 − wiPP.
gFrom total Mn and Mn(PE), such as wPE

= Mn(PE)/Mn.

Figure 1. X-ray powder diffraction profiles of as-prepared samples of iPP-b-EPR (A), iPP-b-PE (B), and PE-b-EPR (C) BCPs and of iPP (profile a
in part A) and PE (profile a in part C) homopolymers. The (110)α, (040)α, and (130)α reflections at 2θ = 14, 17.1, and 18.6° of the α form of iPP
and the (110)PE and (200)PE reflections at 2θ = 21° and 24° of the orthorhombic form of PE are indicated.

Figure 2. DSC curves recorded at 10 °C/min upon cooling from the melt (A) and successive heating of melt-crystallized samples (B) of iPP-b-EPR
(a, b), iPP-b-PE (d−f), and PE-b-EPR (h, i) block copolymers and of iPP (c) and PE (g) homopolymers.
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integration of selected resonances of the 13C NMR spectra reported in
Figure S3, SI. The 13C NMR spectra of PE-b-EPR BCPs are reported
in Figure S4. The propene concentration in the EPR block was
estimated from the 13C NMR spectra of Figure S4, SI.

■ RESULTS AND DISCUSSION
X-ray Diffraction. The X-ray powder diffraction profiles of

as-prepared samples of iPP and PE homopolymers and iPP-b-
PE, iPP-b-EPR, and PE-b-EPR BCPs are reported in Figure 1.
The iPP homopolymer (profile a of Figure 1A) and the iPP
blocks within the iPP-b-EPR (profiles b and c of Figure 1A)
and iPP-b-PE (profiles a−c of Figure 1B) BCPs are crystallized
in the α form of iPP, as indicated by the presence of (110)α,
(040)α, and (130)α reflections at 2θ = 14, 17, and 18.6°,
respectively,63,64 in the diffraction profiles of Figure 1A,B.

The PE homopolymer (profile a of Figure 1C) and the PE
blocks in the iPP-b-PE (profiles a−c of Figure 1B) and PE-b-
EPR (profiles b and c of Figure 1C) BCPs are crystallized in
the stable orthorhombic form of PE, as indicated by the
presence of (110)PE and (200)PE reflections at 2θ = 21° and
24°, respectively,65 in the diffraction profiles of Figures 1B,C.
However, in both iPP-b-EPR and PE-b-EPR BCPs, the
crystalline reflections overlap with the amorphous halo of
EPR blocks, and the decrease of PE weight fraction in PE-b-
EPR samples from 69 to 45 wt % (profiles b and c of Figure
1C) results in a crystallinity decrease.

In samples of iPP-b-PE, the concurrent presence of the
reflections of PE and iPP crystals are clearly visible in the
diffraction profiles of Figure 1B, and the increase of the
fractional amount of PE crystals with decreasing the iPP block
length is clearly indicated by the intensity increase of the
(110)PE and (200)PE reflections of PE with decreasing iPP
weight fraction.
Nonisothermal Crystallization. The DSC curves re-

corded at 10 °C/min upon cooling from the melt and
successive heating of all BCP samples are reported in Figure 2.
The crystallization and melting temperatures are listed in Table
2. From the DSC cooling scans in Figure 2A, it is clear that the
crystallization behavior of iPP and PE blocks in the BCPs is
significantly affected by the linked amorphous or crystalline
blocks. The iPP and PE homopolymers (curves c and g of
Figure 2A) crystallize at 102.0 and 118.6 °C, respectively,
whereas the peak crystallization temperatures (Tc) of the iPP
and PE blocks in the crystalline−amorphous iPP-b-EPR and
PE-b-EPR BCPs samples (curves a, b, h, i of Figure 2A) are
considerably lower than those of the iPP and PE homopol-

ymers, due to the partially miscible linked amorphous EPR
block.

The two iPP-b-EPR copolymers have similar weight
fractions of the iPP blocks but crystallize at crystallization
temperatures different by ≈10 °C (curves a and b of Figure
2A) that should be ascribed to the different ethylene
concentrations in the EPR block. In fact, the lower Tc shown
by the sample iPP-EPR-40-29 ([E] = 29 mol %) compared to
the sample iPP-EPR-38-43 ([E] = 43 mol %) could be
explained by the lower ethylene concentration in the EPR
phase and, therefore, by a higher solubility between EPR and
iPP blocks. The two PE-b-EPR samples (curves h, i of Figure
2A) are characterized by different lengths of the PE blocks and
different ethylene concentrations in the EPR blocks, and the
length of the PE block seems to have the decisive role. In fact,
the sample PE-EPR-45-62 with a lower PE length and lower
ethylene concentration in the EPR block, which could result in
a less soluble amorphous block, shows lower Tc with respect to
samples PE-EPR-69-76 due to higher dilution exerted by the
longer EPR block.

In the case of the double crystalline iPP-b-PE copolymers,
the presence of a broad exothermic phenomenon in the DSC
cooling scans (curves d−f of Figure 2A) indicates that the two
blocks crystallize in the same temperature range. This is due to
the moderate stereoregularity of iPP homopolymer and of the
iPP blocks produced by the catalyst A of Chart 1, and
consequent low crystallization and melting temperatures of
iPP, approaching those of PE (Table 2).17,18 A similar single
exothermic peak has also been observed in the cooling scans of
iPP-b-PE polydisperse block copolymers obtained by techni-
ques of chain shuttling polymerization.66 However, the PE
homopolymer crystallizes at 118 °C, whereas the iPP
homopolymer crystallizes at lower temperature of 102 °C
(curves c and g of Figure 2A), and the iPP-b-PE BCPs
crystallize at temperatures higher than the iPP homopolymer,
approaching that of the PE homopolymer with the increase of
the PE block length (curves d−f of Figure 2A and Table 2).
This suggests that the PE blocks crystallize first by cooling
from the melt, and the iPP blocks crystallize at slightly lower
temperatures and nucleate on the previously formed crystals of
PE.17,18 In particular, the DSC cooling curves of the samples
iPP-PE-60 and iPP-PE-52 with the shortest iPP blocks (curves
e, f of Figure 2A) show an intense exothermic peak that could
correspond to the crystallization of PE block, and a shoulder at
lower temperature presumably due to the crystallization of iPP.
The crystallization behavior of our iPP-b-PE samples differs

Table 2. Crystallization Temperature and Enthalpy (Tc and ΔHc), Melting Temperature and Enthalpy (Tm and ΔHm) of iPP
and PE Homopolymers, and iPP-b-EPR, iPP-b-PE, and PE-b-EPR BCPs with wiPP and wPE Weight Fractions of iPP and PE
Blocks, Respectively, and [E] the Ethylene Concentrations in the EPR Block, and Glass Transition Temperature (Tg) of iPP-b-
EPR and PE-b-EPR BCPs

sample wiPP (%) wPE (%) [E] (mol %) Tc
a (°C) ΔHc (J/g) Tm

b (°C) ΔHm (J/g) Tg
c (°C)

iPP 100 102.0 77 134.7 −77 −11.5
iPP-EPR-40-29 40 29 81.9 32 131.4 −30 −33.6
iPP-EPR-38-43 38 43 92.5 30 133.7 −30 −42.3
iPP-PE-64 64 36 109.2 89 130.0; 136.8 −92
iPP-PE-60 60 40 107.4; 111.7 90 132.0 −103
iPP-PE-52 52 48 106.0; 112.6 110 131.9 −114
PE 100 118.5 198 134.0 −193
PE-EPR-69-76 69 76 113.2 136 132.3 −138 −52.7
PE-EPR-45-62 45 62 105.8 70 132.7 −69 −53.0

aFrom the DSC cooling scans of Figure 2A. bFrom the DSC heating scans of Figure 2B. cFrom the DSC heating scans of Figures S5 and S6.
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from that shown by iPP/PE blends in which highly isotactic
iPP crystallizes at nearly 130 °C, followed by the crystallization
of PE at lower temperatures.50,51

The DSC melting scans of the samples crystallized from the
melt are reported in Figure 2B. As mentioned above, the iPP
homopolymer (curve (c) of Figure 2B) melts at a low
temperature of nearly 135 °C, similar to the melting
temperature of the PE homopolymer (curve (g) of Figure
2B), consistent with the moderate stereoregularity. The broad
melting endotherm of the iPP homopolymer with a shoulder of
the main peak at low temperature (curve (c) of Figure 2B)
indicates crystallization of iPP from the melt in mixtures of α
and γ forms, according to the moderate stereoregularity of the
sample.63,64 It is, indeed, well-known that defective iPPs and
copolymers of iPP tend to crystallize in the γ form in mixture
with the α form and the amount of γ form increases with
increasing concentration of defects (stereodefects and
comonomeric units).63,67−82 This is demonstrated by the X-
ray diffraction profiles of the iPP sample crystallized by cooling
from the melt (as in Figure 2) reported in Figure S27 of the SI,
showing the (110)α, (040)α and (130)α reflections at 2θ = 14,
17.1 and 18.6° of the α form of iPP and the (117)γ reflection of
the γ form at 2θ = 20.1° (profile b of Figure S27).

All BCPs samples melt at temperatures only slightly lower
than those of the homopolymers. This indicates that in
crystalline−amorphous copolymers, the linked EPR block does
not seem to affect much the melting behavior of the crystalline
iPP or PE blocks. The DSC heating scans starting from lower
temperatures in Figures S5 and S6 show that the glass
transition temperature decreases with increasing ethylene
concentration in iPP-b-EPR samples, and a more evident
inflection is present in PE-b-EPR copolymers when increasing
the EPR block length. Finally, in the iPP-b-PE samples, the
presence of a single broad endothermic peak in the heating
scans (curves d−f of Figure 2B) indicates a simultaneous
melting of the two blocks. Only the sample iPP-PE-64 with the
iPP block of highest molar mass (curve d of Figure 2B)
presents a main peak at 130 °C and an additional shoulder at
higher temperature (≈136 °C), probably due to the melting of
iPP block crystals.
Bulk Morphology. The PLOM images recorded at room

temperature on films of selected BCPs slowly crystallized from
the melt are shown in Figure 3. The images of the iPP and PE
homopolymers and of the other BCP samples are reported in
Figure S7 of the SI. The iPP homopolymer (Figure S7A)
shows the typical morphology of stereodefective iPPs, in which
crystals of α and γ forms can coexist, characterized by small
bundles of lamellae arranged in an almost 90° texture.83,84 The
PE homopolymer features instead small banded spherulites
(Figure S7B), which are common in PE samples.85−89 Banding
is commonly attributed to the twist of radiating crystalline

lamellae, although alternative views can also be found in the
literature.85−89

The BCP sample iPP-PE-60 (Figure 3A) shows a
morphology that seems to be defined uniquely by the
crystallization of banded spherulites of the PE block,
confirming that this block crystallizes first, and crystallization
of the iPP block should then occur inside the preformed
spherulites in a templated fashion.

It is worth mentioning that in the melt of iPP-b-PE BCPs the
two immiscible iPP and PE give phase separation with
formation of a microdomain structure that has been revealed
by transmission electron microscopy (TEM) of samples
rapidly crystallized from the melt by quenching in liquid
nitrogen.17 The rapid quenching prevents crystallization of the
α form of iPP and only small PE crystals form resulting in
preservation of the melt morphology that can be revealed at
room temperature by TEM.17 The incompatibility and phase-
separation of iPP and PE in the melt found in our iPP-b-PE
BCPs is well described in literature for immiscible iPP/HDPE
blends that present unstable melt morphology and interaction
parameter χ at temperatures of the melt (170−180 °C) in the
range of 0.03−0.10,90 leading to various phase-separated
morphologies depending on the component viscosity
ratio.90−100 It is also well-known that this phase-separation
leads to brittle and poor materials due to low interfacial
adhesion.101−104

Considering that the total molecular weight of our samples is
in the range 110−180 kg/mol (Table 1), the number of total
equivalent segments N of the chains of the BCPs (one segment
is four methylene carbon atoms) is in the range 2000−3200 (N
= Mn/56, where 56 is the molecular mass of the segment of the
BCP). Assuming the same values of the interaction parameter
χ of 0.03−0.10 for our iPP-b-PE BCPs at the temperature of
the melt (170−180 °C), values of the product χN much higher
than 10 result and, therefore, a strong phase separation in the
melt is expected for all samples of iPP-b-PE BCPs.17,18

The PLOM image in Figure 3A of the sample iPP-PE-60
suggests that the slow crystallization of iPP-b-PE BCPs
destroys the expected phase-separated microstructure present
in the melt. The PLOM images of samples of iPP-b-EPR
(Figure 3B) and PE-b-EPR (Figure 3C) BCPs show the typical
morphologies of the homopolymers, that is, bundles of
lamellae in iPP-b-EPR (Figure 3B) and banded spherulites in
PE-b-EPR (Figure 3C), as expected for melt miscible
crystalline−amorphous BCPs. The different ethylene concen-
trations in the EPR blocks do not seem to affect the
morphology.

Another observation that can be made regarding the
superstructural morphology shown in Figure 3, is that the
semicrystalline aggregates have relatively similar sizes, indicat-

Figure 3. PLOM images recorded at 25 °C after crystallization from the melt by cooling at 10 °C/min of BCP samples iPP-PE-60 with wiPP = 60%
(A), iPP-EPR-40-29 with wiPP = 40% and [E] = 29 mol % (B), and PE-EPR-69-76 with wPE = 69% and [E] = 76 mol % (C).
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ing a primary nucleation process that should be close to
instantaneous.
Overall Crystallization Kinetics. All iPP-b-PE, iPP-b-

EPR, and PE-b-EPR BCPs samples have been isothermally
crystallized from the melt at different crystallization temper-
atures (Tc) to analyze the influence of the covalently linked
amorphous or crystalline blocks on the overall crystallization
kinetics of iPP and PE. Moreover, samples of blends of iPP and
PE have also been analyzed to compare the crystallization
kinetics of iPP and PE in phase-separated blends with the
crystallization kinetics of the same components when they are
linked in the iPP-b-PE BCPs. The isothermal crystallization
experiments were performed by DSC, as described in the SI.105

The obtained data were analyzed with Avrami’s model106,107

and Lauritzen and Hoffman’s (L−H) theory.108,109 The
experimental data were fitted with the mentioned theories
using the free Origin App developed by Müller et al.105,110

The DSC crystallization exotherms recorded during
isothermal crystallization at different temperatures and the
subsequent DSC heating curves of the melt-crystallized
samples starting from the crystallization temperature are
reported in Figures S8−S16 of the SI. The data for the iPP
and PE homopolymers (Figures S8 and S9) are compared with
those of the iPP-b-EPR (Figures S10 and S11), PE-b-EPR
(Figures S12 and S13) and iPP-b-PE (Figures S14−S16)
BCPs. The equilibrium melting temperatures (Tm

0) of the
homopolymers and all block copolymer samples have been
evaluated from the experimental melting temperatures (Tm) of
the melt-crystallized samples with the Hoffman−Weeks
extrapolation in the plots of the melting temperature as a
function of the crystallization temperature.111 The melting
temperatures of the melt-crystallized samples were determined
from the DSC heating curves as those in Figures S8B−S16B
but in other independent experiments. In fact, in order to avoid
lamellar thickening during the isotherms, the melting temper-
atures after the isothermal crystallization at each Tc were
determined in other experiments in which the samples were
not crystallized completely, but were crystallized until a time
corresponding to the peak of the crystallization exotherm of
Figures S8A−S16A (tc = tp). The obtained extrapolated values
of Tm

0 are reported in Table S3 of the SI.
From the isothermal crystallization curves in Figures S8A−

S16A, the induction time t0, that is, the incubation time that
elapses before any crystallization starts and during which
primary nucleation takes place, has been determined for each
crystallization temperature Tc. The inverse of the induction
time 1/t0 is proportional to the primary nucleation rate before
the growth starts.

The apparent crystallinity, that is, the weight fraction Wc of
the crystallizable material crystallized at the time t, has been
evaluated from the partial crystallization enthalpies of the
isothermal crystallization exotherms of Figure S8A−S16A as
Wc(t) = ΔHc(t)/ΔHc(total). The increase of the apparent
crystallinity Wc with the crystallization time is shown in the
kinetic curves of Figure S17, for iPP and PE homopolymers,
Figure S18 for iPP-b-EPR BCPs, Figure S19 for PE-b-EPR and
Figure S20 for iPP-b-PE BCPs.

The values of half-crystallization time τ50%, which represents
the time needed for 50% of the crystallizable material to
nucleate and grow (i.e., overall crystallization), have been
evaluated from the kinetic curves of Figures S17−S20. The
inverse of half-crystallization time 1/τ50% gives the exper-

imental overall crystallization rate that includes contributions
of both nucleation and growth.

The obtained experimental values of the induction time t0,
nucleation rate 1/t0, half crystallization time τ50% and
crystallization rate 1/τ50%, along with the crystallization rate
constant K and Avrami index n obtained by the fitting to
Avrami’s equation, are reported in Tables S4−S12 of the SI.
The values of Avrami parameters n and K1/n are plotted as a
function of Tc in Figure S21. The trends of the Avrami
constant K1/n are very similar to those of the experimental
values of 1/τ50% reported below and in Figure S22, attesting to
the good fit of the Avrami model. The values of the Avrami
index (Figure S21A) fluctuate from 2 to 3. A value of n = 2
corresponds to two-dimensional growth and instantaneous
nucleation. The value of n = 3 could be due to two-
dimensional growth and sporadic nucleation or three-dimen-
sional growth (spherulites) and instantaneous nucleation. The
increase in Avrami index that can be observed with Tc for most
samples indicates that nucleation tends to change from
instantaneous to sporadic as the temperature increases. The
results of the L−H fitting are reported in Table S13. All data
reported in the SI are discussed below separately for
crystalline−amorphous iPP-b-EPR and PE-b-EPR BCPs and
crystalline−crystalline iPP-b-PE samples.
Crystalline−Amorphous BCPs. The values of the melting

temperatures of isothermally crystallized samples of iPP and
PE homopolymers and of iPP-b-EPR and PE-b-EPR BCPs,
evaluated as described above and in SI, are reported in the
Hoffman−Weeks plot of Figure 4 as a function of the

crystallization temperature. The values of the equilibrium
melting temperature Tm

0 estimated by the Hoffman−Weeks
extrapolations of Figure 4 are shown in Table S3.

In the case of the iPP homopolymer (Figure S8), the
melting endotherms of the samples isothermally crystallized at
different temperatures show two melting peaks at any
crystallization temperature, and the enthalpy of the peak at
low temperature increases with increasing crystallization
temperature. As discussed above for the case of the samples
crystallized by cooling from the melt of Figure 2, defective iPPs
crystallize from the melt even in isothermal conditions in
mixtures of α and γ forms and the amount of γ form, generally,
increases with increasing crystall ization tempera-
ture.67−70,74,80−82 This is demonstrated by the X-ray diffraction

Figure 4. Hoffmann−Weeks linear fit of melting temperatures (Tm)
as a function of the crystallization temperature (Tc) for the iPP and
PE homopolymers and for the iPP-b-EPR and PE-b-EPR block
copolymers.
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profiles of some iPP samples isothermally crystallized from the
melt reported in Figure S27 of the SI that present the (110)α,
(040)α, and (130)α reflections at 2θ = 14, 17.1, and 18.6° of
the α form of iPP and the (117)γ reflection of the γ form at 2θ
= 20.1° (profiles c and d of Figure S27). Moreover, Figure S27
shows that the intensity of the (117)γ reflection of the γ form
increases in melt-crystallized samples compared to the as-
prepared sample and increases with increasing crystallization
temperature, indicating an increase of the amount of γ form
that crystallizes from the melt with increasing crystallization
temperature. Therefore, the two melting peaks in the DSC
curves of Figure S8B correspond to the melting of crystals of
the γ form, at low temperature, and of the α form, at high
temperature, formed in the isothermal crystalliza-
tions,70,74,79−82 as confirmed by the increase of the enthalpy
of the low temperature peak with increasing crystallization
temperature.67−70,74,80−82

Since the α form is the most common and stable
polymorphic modification of iPP,64 we have used the higher
melting temperature peak of the α form in the Hoffman−
Weeks plot of Figure 4 to evaluate the extrapolated equilibrium
melting temperature of this defective sample of iPP. The
obtained value of Tm

0 = 149.9 °C for the neat iPP is
considerably lower than the equilibrium melting temperature
of 186.1 °C of iPP reported in the literature.112−120 This can
be explained by the moderate stereoregularity of our iPP
sample prepared with catalyst A of Chart 1. The obtained value
is, indeed, similar to the value of Tm

0 found for samples of iPP
of similar isotacticity prepared with metallocene catalysts121

(see Table 1 of ref 121). The data of Figure 4 indicate that the
extrapolated equilibrium melting temperatures of the two
samples of iPP-b-EPR BCPs are very similar to those of the iPP
homopolymer, regardless of the length of the EPR block and of
the ethylene concentration in the EPR block, indicating a
stereoregularity of the iPP block similar to that of the
homopolymer. Similarly, the extrapolated values of Tm

0 for the
PE-b-EPR samples (Table S3) are very close to that of the PE
homopolymer (144.7 °C). These data indicate that the linked
amorphous block does not affect the value of the equilibrium
melting temperature of the crystalline iPP or PE blocks.

Figure 5 shows the inverse of the induction time (1/t0),
which is proportional to the primary nucleation rate before the
beginning of the crystallization, as a function of the
crystallization temperature for the iPP and PE homopolymers
and for the iPP-b-EPR and PE-b-EPR BCPs. It is apparent that
if the curves are extrapolated to be compared at the same
values of Tc, PE nucleates faster than iPP and the crystalline
blocks of iPP-b-EPR and PE-b-EPR show a lower nucleation
rate compared to the corresponding homopolymers.

The values of the inverse of the half crystallization time (1/
τ50%), which represents the overall crystallization rate, are
plotted in Figure 6 as a function of Tc (Figure 6A) and of the
supercooling ΔT = Tm

0 − Tc (Figure 6B), calculated from the
equilibrium melting temperatures Tm

0 of Table S3. The data of
the overall crystallization rate have also been fitted with the
Lauritzen and Hoffman (L−H) theory, assuming crystalliza-
tion in Regime II, according to the literature.115,122 Regime II
is indeed assumed for the crystallization of iPP samples when
the undercooling is between 37 and 48 °C,115,122 and for PE
samples crystallized with undercoolings higher than 17 °C.123

More details regarding the choice of the parameters for the
fitting are reported in SI.

The trend of the overall crystallization rate of Figure 6 is
similar to that of the nucleation rate of Figure 5, probably
indicating that the primary nucleation process makes an
important contribution to the overall crystallization kinetics.

The data of Figure 6 indicate that both iPP-b-EPR and PE-b-
EPR copolymers exhibit overall crystallization rates lower than
those of the corresponding homopolymers. Therefore, the
presence of the amorphous EPR block clearly slows the overall
crystallization of the attached miscible crystallizable block
through a diluent effect. Moreover, since the two samples of
iPP-b-EPR BCPs are characterized essentially by the same
weight fraction of the iPP block (38 wt % in iPP-EPR-38-43
and 40 wt % in iPP-EPR-40-29), the lower crystallization rate
of the sample iPP-EPR-40-29 can be explained uniquely by the
lower concentration of ethylene in the EPR block (29% against
43%). As already discussed to explain the lower crystallization
temperature of the sample iPP-EPR-40-29 upon cooling from
the melt, the lower ethylene concentration of this sample
results in an EPR block that is more miscible with the iPP
block and, thus, more capable of affecting its crystallization
kinetics through an improved diluent effect. For PE-b-EPR
samples, the data of Figure 6 show that the sample PE-EPR-45-
62 with the shortest PE block (wPE = 45 wt %) shows the most
pronounced slowdown of the crystallization rate with respect
to the PE homopolymer owing to the strong dilution effect
exerted by the longer EPR block.
Crystalline−Crystalline BCPs. The DSC data of Figure

2A have suggested that in the samples of iPP-b-PE BCP
(curves d−f of Figure 2A), the PE block crystallizes first at a
higher temperature upon cooling, and the iPP blocks crystallize
at a slightly lower temperature and nucleate over the PE
crystals formed before.17,18 This has been demonstrated by
simultaneous time and temperature resolved wide-angle
diffraction and small-angle scattering measurements during
cooling from the melt,18 and here confirmed by the PLOM
analysis (Figures 3 and S7). However, the single broad peak in
the DSC heating curves of the melt-crystallized samples
(curves d−f of Figure 2B), indicating melting of the iPP and
PE blocks at nearly the same temperature, does not allow
discrimination of whether crystallization of both iPP and PE
has occurred. Only the sample iPP-PE-64 with the iPP block of
highest molar mass (curve d of Figure 2B) presents a shoulder

Figure 5. Inverse of the induction time (1/t0) as a function of the
isothermal crystallization temperature Tc for the iPP and PE
homopolymers and for the iPP-b-EPR and PE-b-EPR BCPs.
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of the main melting peak corresponding to the melting of
crystals of the iPP block.

Therefore, it is expected that the PE block crystallizes first
also in the isothermal crystallization of Figures S14, S15, and
S16, but crystallization until saturation of both blocks at the
isothermal crystallization temperatures cannot be taken for
granted. As in the nonisothermal crystallization of Figure 2, the
presence in the DSC heating curves after isothermal
crystallization of the sample iPP-PE-64 of Figure S16B of a
main endothermic peak and a shoulder at higher temperature
that can be attributed to melting of PE and iPP blocks,
respectively, which have crystallized in the isothermal step,
indicates that the iPP block of sample iPP-PE-64 can
isothermally crystallize (or at least in part) during the
isothermal steps. On the other hand, the heating curves of
samples iPP-PE-52 and iPP-PE-60 (Figures S14B and S15B)
display a single melting peak that could be related to the
melting of only PE block or to the overlapped melting of both
blocks.

To understand whether the iPP block crystallizes completely
or in part in the employed ranges of Tc, the samples of iPP-b-
PE block copolymers were kept at selected temperatures for
the same crystallization times employed in the isothermal
crystallization experiments reported in Figures S14−S16 and
then successively cooled down to room temperature to reveal
the crystallization of an eventual fraction of the BCP that was
still in the melt (Figure 7).

All of the cooling scans of Figure 7 show exothermic peaks at
nearly 102 °C, indicating that part of the iPP-b-PE copolymers
do not crystallize during the isothermal step at the employed
too high Tc but complete the crystallization during successive
cooling. Since the crystallization temperature of 102 °C
observed in the DSC cooling scans of Figure 7 is close to the
Tc of the iPP homopolymer (curve c of Figure 2A), the
exothermic peaks in Figure 7 may be related to the
crystallization of the iPP block, or part of it, that does not
crystallize at the isothermal crystallization temperature. This
fraction of the sample that does not crystallize in the
isothermal step and crystallizes afterward upon cooling
increases with increasing Tc, as demonstrated by the increase
of the crystallization enthalpy during cooling of Figure 7 with

increasing Tc. For the sample iPP-PE-64 with a longer iPP
block (wiPP = 64 wt %), the enthalpy of the exothermic peaks
in Figure 7 is lower compared to the other samples. This
indicates that a lower amount of the sample crystallizes upon
cooling, and a higher amount of the iPP block can crystallize in
the isothermal step. Therefore, in iPP-b-PE BCPs, a fraction of
the iPP component does not crystallize in the isothermal step,

Figure 6. Overall crystallization rate as the inverse of the half crystallization time (1/τ50%) as a function of the isothermal crystallization temperature
Tc (A) and of the supercooling ΔT = Tm

0 − Tc (B) for samples of iPP and PE homopolymers and for iPP-b-EPR and PE-b-EPR BCPs. The lines
are fits to the Lauritzen and Hoffman theory.

Figure 7. DSC cooling curves recorded at 20 °C/min after isothermal
crystallization at selected Tc (for the same crystallization times
employed in the isothermal crystallization experiments reported in
Figures S14−S16) for samples iPP-PE-52, iPP-PE-60, and iPP-PE-64.
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and this fraction decreases with increasing weight fraction of
the iPP block in the BCP.

The melting temperatures of the samples of iPP-b-PE BCPs
isothermally crystallized from the melt, evaluated as described
above and in SI, are reported in Figure 8 as a function of the

crystallization temperature. The Hoffman−Weeks extrapola-
tions of the melting temperature to the equilibrium melting
temperatures are also shown. The obtained values of the
equilibrium melting temperatures (Tm

0) of the BCPs, reported
in Table S3, are comparable to the Tm

0 of the PE
homopolymer, in agreement with the fact that during the
isothermal crystallization of iPP-b-PE BCPs, the PE block is
the main component that crystallizes.

The values of the inverse of the induction time 1/t0 (the
nucleation rate) as a function of Tc and of the inverse of the
half crystallization time 1/τ50% (the crystallization rate) as a
function of Tc and of the supercooling ΔT = Tm

0 − Tc for the
samples of iPP-b-PE BCPs, evaluated from the crystallization
exotherms of Figures S14A−S16A, are reported in Figures 9
and 10, respectively, in comparison with the data of the PE and
iPP homopolymers. The equilibrium melting temperatures Tm

0

for the calculation of the supercooling are those of Table S3
and evaluated from the extrapolation of Figure 8. It is evident
that the nucleation rates (Figure 9) and the overall

crystallization rates (Figure 10) of the iPP-b-PE BCPs are
intermediate between those of iPP and PE homopolymers.

The overall crystallization rate of the PE block in the BCPs
is lower than that of the PE homopolymer due to the presence
of the partially molten iPP block, and the crystallization rate at
a given crystallization temperature decreases with increasing
iPP weight fraction (Figure 11). At the same time, the fraction
of the iPP block capable of crystallizing at the selected
crystallization temperature Tc crystallizes faster with respect to
the iPP homopolymer owing to the nucleation effect of the PE
block, which crystallizes first and produces a nucleating effect
on the iPP block crystals that accelerates the overall
crystallization of the iPP block (see Figures 9 and 10).

Therefore, the overall crystallization kinetics of the PE block
is slowed with respect to the PE homopolymer when it is
linked to both amorphous EPR and semicrystalline iPP blocks.
To compare the effect exerted on the PE block by the EPR and
iPP attached blocks, the overall crystallization rates of PE-b-
EPR and iPP-b-PE block copolymers are reported in Figure
S22 as a function of Tc and of the supercooling. If we compare
samples with similar weight fractions of PE, as samples PE-
EPR-45-38 (wPE = 45 wt %) and iPP-PE-60 (wPE = 40 wt %),
we conclude that the amorphous EPR block produces a greater
slowdown of the overall crystallization kinetics of the PE block,
compared to the semicrystalline iPP block.

The decrease of the overall crystallization rate observed in
the double-crystalline iPP-b-PE copolymers with respect to PE
homopolymer could suggest the existence of partial solubility
between the blocks in the melt, although microphase-separated
microstructures have been observed by TEM in iPP-b-PE
BCPs,17 and clear immiscibility between PE and iPP has been
demonstrated in iPP/HDPE blends with interaction parame-
ters in the melt in the range 0.03−0.10.90−100 To clarify this
point and verify the relative influences of the two iPP and PE
components when they are not linked, a blend of iPP and PE
homopolymers with a 50:50 composition has been prepared
and isothermally crystallized at different temperatures. The
blend was prepared as described in the SI employing the same
two samples of iPP and PE homopolymers.

The DSC curves recorded during heating of the as-prepared
sample of the blend, successive cooling from the melt, and
subsequent heating are reported in Figure S23 of the SI. The
melting behavior of the blend resembles that of the BCP
sample iPP−PE-64, characterized by a main endothermic peak
and a shoulder at higher temperature, which was attributed to
the melting of iPP crystals. Contrary to the block copolymers,
in the cooling scan of the blend, two exothermic peaks can be
observed, where that one at higher temperatures of 118 °C can
be surely attributed to the crystallization of PE, as the Tc is the
same as that of the PE homopolymer, whereas the peak at a
low temperature of 108.5 °C corresponds to the crystallization
of the iPP. Therefore, the iPP component of the blend
crystallizes at temperature (108.5 °C) higher than that of the
iPP homopolymer (102 °C, see Table 2 and curve c of Figure
2A). This effect is clearly attributable to the nucleation effect of
PE crystallized before on the subsequent crystallization of iPP.

This sample of the blend was isothermally crystallized at
selected crystallization temperatures. The DSC crystallization
exotherms recorded during the isothermal crystallizations at
different Tc and the subsequent DSC heating curves of the
crystallized samples are reported in Figure S24 of the SI. A
single melting peak is observed for all crystallization temper-
atures in the heating curves in Figure S24B. The absence of the

Figure 8. Hoffmann−Weeks linear fit of melting temperatures (Tm)
as a function of the crystallization temperature (Tc) for the iPP and
PE homopolymers and for the samples of iPP-b-PE BCPs.

Figure 9. Inverse of the induction time (1/t0) as a function of the
isothermal crystallization temperature Tc for the iPP and PE
homopolymers and iPP-b-PE BCPs.
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shoulder at higher temperatures suggests that the iPP block
does not crystallize in the isothermal steps. This is confirmed
by parallel experiments, where the blend sample was cooled
down to 25 °C after the isothermal crystallization at 125 and
127 °C (Figure S25). Both the cooling curves show an
exothermic peak that can be attributed to the crystallization of
iPP that has not crystallized in the isothermal step. The
crystallization enthalpy does not change with the crystallization
temperature, indicating that all of the iPP component in the
blend does not crystallize in the isothermal step, not even at
the lower Tc, and crystallizes completely during successive
cooling. Moreover, a minor exothermic peak can be observed
at higher temperatures in the cooling curves of Figure S25 that
could be related to the crystallization of a fraction of the PE.

The curves of the overall crystallization kinetics of the blend
are shown in Figure S26, and the values of the overall
crystallization rate (1/τ50%) are plotted as a function of Tc
together with the data of iPP-b-PE block copolymers and PE
and iPP homopolymers in Figure 10A. It is immediately
apparent that when the two homopolymers are blended, the
kinetics of crystallization of PE in the presence of iPP is
identical with that of the neat PE homopolymer. This result

indicates that, in the blend, the presence of iPP does not affect
the crystallization rate of PE, confirming the phase-separation
in the melt due to immiscibility between PE and iPP.90−100

Therefore, the slowdown of the overall crystallization kinetics
of PE in the iPP-b-PE BCPs due to the influence of iPP can be
ascribed uniquely to the constraint generated by the covalently
bonded iPP block and not to the partial miscibility between the
blocks.

■ CONCLUSIONS
Samples of crystalline−crystalline BCPs made of iPP and PE
blocks (iPP-b-PE) and of crystalline−amorphous BCPs
comprising semicrystalline blocks of iPP or PE linked to an
amorphous block of EPR (iPP-b-EPR and PE-b-EPR) of
different lengths of the blocks and ethylene concentrations in
EPR blocks have been synthesized with different catalysts. The
crystallization behaviors of the BCP samples and the influence
of the molecular structure and topology of the BCPs on the
crystallization kinetics of iPP and PE have been analyzed.

Due to its moderate stereoregularity, the iPP block melts at a
low temperature of 135 °C, similar to that of the PE block.
Although the iPP and PE blocks crystallize and melt within a
similar temperature range, the PE block crystallizes first and
drives the crystallization of the iPP block through a nucleation
effect.

The iPP-b-EPR and PE-b-EPR copolymers show lower
crystallization temperatures with respect to those of the iPP
and PE homopolymers, respectively, due to partial miscibility
between the crystallizable block and the amorphous EPR
phase. Moreover, the decrease of the ethylene concentration in
the EPR block of iPP-b-EPR copolymers results in a further
decrease of crystallization temperature due to the increased
solubility in the melt between iPP and EPR blocks with
decreasing ethylene concentration in the EPR.

All samples have been crystallized at different isothermal
crystallization temperatures, and the crystallization kinetics
have been analyzed, allowing one to understand how the
different blocks mutually influence their crystallization rates.
The kinetics data were processed using the Avrami and
Lauritzen−Hoffman models. The equilibrium melting temper-
atures of iPP and PE blocks in the BCPs, evaluated with the

Figure 10. Overall crystallization rate as inverse of the half crystallization time (1/τ50%) as a function of the isothermal crystallization temperature
Tc (A) and of the supercooling ΔT = Tm

0 − Tc (B) for samples of iPP and PE homopolymers, iPP-b-PE BCPs and of the 50:50 iPP/PE blend. The
solid lines represent fits to the Lauritzen and Hoffman theory.

Figure 11. Inverse of half crystallization time (1/τ50%) as a function of
iPP weight fraction for iPP-b-PE BCPs and iPP and PE
homopolymers at a constant crystallization temperature of 118 °C.
The circles represent experimental values, whereas the squares
represent the values predicted by the Lauritzen and Hoffman fitting.
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Hoffman−Weeks extrapolation, are very close to those of the
homopolymers.

In both the iPP-b-EPR and PE-b-EPR BCPs, the presence of
a covalently linked amorphous EPR block drastically slows the
overall crystallization rate of the iPP and PE blocks, with
respect to the corresponding iPP and PE homopolymers.
Furthermore, in iPP-b-EPR samples, a higher concentration of
propylene in the EPR phase results in a greater slowdown of
the crystallization kinetics of iPP due to a higher solubility
between the blocks. Analogously, in PE-b-EPR copolymers, the
increase in the length of the EPR block results in a greater
slowdown of the crystallization rate of the PE with respect to
the PE homopolymer due to major dilution exerted by the long
EPR block.

Finally, the crystallization rates of iPP-b-PE copolymers are
lower than that of the PE homopolymer but faster than that of
the iPP homopolymer. In the isothermal crystallizations, the
iPP blocks do not crystallize, not even at low crystallization
temperatures, but crystallize upon successive cooling, nucleat-
ing over the PE crystals formed in the isothermal step.
Therefore, the linked iPP block, which remains in the melt or
crystallizes partially during the isothermal crystallization, slows
down the crystallization kinetics of PE, in contrast to what
happens in the iPP/PE blend, where the crystallization kinetics
of PE is not affected by the presence of the phase-separated
iPP. This indicates that the slowdown of the overall
crystallization kinetics of PE in the iPP-b-PE BCPs can be
ascribed uniquely to the constraint generated by the covalently
linked iPP block and not to the partial miscibility between the
blocks.
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