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a b s t r a c t

Isothermal crystallization kinetics and properties related to the crystalline structure of four series of
random propylene 1-alkene copolymers have been comparatively studied in this work. Comonomers
studied include ethylene, 1-butene, 1-hexene and 1-octene in a concentration range up to 21 mol%. All
copolymers were synthesized with the same metallocene catalyst to provide an equivalent random
distribution and a similar content of stereo and regio defects within the series. This has ensured that
differences in crystallization kinetics and in crystalline properties of copolymers with matched
compositions reflect the affinity of the comonomer type for co-crystallization with the propene units,
and the effect of content and type of co-unit in the development of the crystalline structure. In the
nucleation-driven crystallization range, that is for Tcs> Tc max, the values of the rate follow the sequence
PB> PE> PH¼ PO for comonomer contents <13 mol%, and PB> PE> PH> PO for >13 mol% comonomer.
These trends in overall crystallization are guided by differences in undercooling due to a similar
progression of the degree of participation of the comonomer in the crystalline lattice. The variation of the
rates at Tcs< Tc max follows the melt segmental dynamics driven by differences in Tg, especially at the
highest co-unit contents, resulting in a reverse rate sequence for PHs and POs >15 mol%, i.e.,
PB> PE w PO> PH. In addition to crystallization kinetics, a comparative polymorphic analysis and unit
cell expansion, crystalline morphology, and melting behavior have been instrumental in resolving the
partitioning of the four types of co-units between crystalline and non-crystalline regions. 1-Butene units
participate at the highest level followed by the ethylene units, as demonstrated by solid-state NMR.
However, both units are defects that hinder crystallization, as given by the decreasing rates, decreased
levels of crystallinity and lowered melting temperatures with increasing co-unit content. All crystalline
properties of PHs and POs conform to a rejection model of the 1-octene units from the crystals in the
whole compositional range, and rejection of the 1-hexene units for PH <13 mol%, a conclusion also
supported by NMR. The ability of PH >13 mol% to pack comonomer-rich sequences into a stable trigonal
lattice leads at Tcs> Tc max to an increased number of crystallizable sequences, and to faster crystalli-
zation rates than for matched PO copolymers.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(propylene) and related copolymers find wide spread use in
the modern day world from injection molded parts to fibers and
films, with an economic impact that evolved from the 1960s to the
present into the highest growth polyolefin, with a high volume
production and a wide range of applications. Properties within this
wide spectrum of applications are mostly tuned by the facile ability
to change crystallinity via altering the chain structure of the
All rights reserved.
homopolymer and/or process parameters [1,2]. An inexpensive
route to alter chain microstructure is by copolymerization with
relatively low contents of other 1-alkene comonomers, this lowers
crystallinity and the glass transition temperature, and expands the
range of applications from those requiring the stiffness and high
modulus typical of the highly crystalline homopolymer to appli-
cations where elasticity and high impact are required at and below
ambient temperatures. The spectrum of properties that relate to
homogenous copolymers with the random distribution is primarily
tuned by the content and type of comonomer, and although pres-
ently only ethylene and 1-butene comonomers are industrially
used, copolymers of propylene with higher a-olefins are foreseen to
be of industrial relevance and be produced in a near future due to
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the versatility of property changes that a different level of co-
crystallizability of the propene and the comonomer unit impart in
these materials.

The above practical considerations coupled with the fact that
copolymers made with single-site metallocene catalysts are now
available with a uniform inter-chain comonomer composition and
random intra-chain comonomer distribution have recently infused
interest in understanding the crystalline properties of these types of
copolymers. Major interest has been placed on understanding the
effect of the comonomer as a defect on the formation of the two most
common crystallographic polymorphs, the a and the g phases, in
melt-crystallized specimens [3,4]. The effect of the type of como-
nomer on melting, heat of fusion, and lamellar morphology in rapidly
crystallized specimens of a wide compositional range has been
reported recently, mainly in different publications each dedicated to
a set of a fixed comonomer type [5–11]. It is important that these
properties are analyzed for sets synthesized with the same catalytic
system to infer the role of the type of comonomer in the crystalline
properties of these copolymers. The reason is that different catalytic
systems may impart a different defect microstructure and/or distri-
bution in the copolymer chain, thus changing the crystalline prop-
erties as shown by De Rosa et al. in a recent work [8].

Notwithstanding the dedication to understand the partitioning
of the comonomer units between the crystalline and non-crystal-
line regions and its possible impact on the a or g crystallographic
registry, none of the previous works have studied comparatively
the effect of comonomer type on the isothermal crystallization
kinetics of homogeneous random propylene copolymers. Given
that the mechanism of crystallization of propylene random copol-
ymers is driven by the selection of the most crystallizable
sequences, differences in the rates of compositionally matched
copolymers must reflect a change in comonomer partitioning. We
now present this comparative study of the overall crystallization
rates of sets of metallocene-made, homogeneous random copoly-
mers with ethylene, 1-butene, 1-hexene or 1-octene comonomer
units as a means to understand the role of the comonomer type in
the morphogenesis of these materials, and to clarify present
discrepancies in the partitioning of 1-hexene and 1-octene units. As
also shown, the polymorphic structures and lamellar morphology
of isothermally crystallized copolymers conform to the comonomer
distribution extracted from NMR and the crystallization rates. To be
used as useful materials, most of the transformation processes
Table 1
Molecular characterization and glass transition temperatures (Tgs) of metallocene iPP cop
defects are listed.

Sample Comonomer type Comonomer (mol%) Stereoa (mol%) Regiob

PE10.1 Ethylene 7.5 1.7 0.9
PE16.9 Ethylene 14.7 1.3 0.9
PE20.8 Ethylene 18.4 1.3 1.0
PE22.5 Ethylene 20.8 0.8 1.0

PB8.3 1-Butene 5.8 1.4 1.1
PB11.5 1-Butene 9.1 1.4 1.0
PB16.6 1-Butene 14.1 1.5 1.0
PB21.1 1-Butene 18.8 1.3 0.9

PH9.7 1-Hexene 5.4 3.1 1.1
PH13.5 1-Hexene 11.0 2.0 0.5
PH15.3 1-Hexene 13.2 1.8 0.3
PH22.6 1-Hexene 21.0 1.4 0.2

PO8.3 1-Octene 5.9 2.1 0.3
PO12.8 1-Octene 10.1 2.4 0.4
PO14.3 1-Octene 11.7 2.2 0.4
PO17 1-Octene 13.9 2.6 0.5
PO18.5 1-Octene 16.0 2.1 0.3
PO20.1 1-Octene 18.0 1.7 0.4

a Obtained as the content of mrrm pentads at 19.5 ppm.
b From propylene 2,1 additions of the erythro and threo types in the 34.6–34 ppm reg
c Glass transition temperatures measured by DSC.
involving these copolymers rely on a fast crystallization from the
melt state; therefore, a detailed knowledge of the crystallization
kinetics sets a fundamental background for a fine tuning of the
most appropriate processing properties.

2. Experimental

The iPP based copolymers studied are experimental samples
free of additives, synthesized with the same bridged metallocene
catalyst type in an industrial research laboratory [12,13]. Their
molecular characterization is given in Table 1, and some CRYSTAF
profiles are included in Supporting information. The sample
designation encodes the type of comonomer and the total defect
content. The type and fractional content of all the defects were
obtained from solution-state 13C NMR spectra. All samples are
free of residual monomer as indicated by lack of the allylic
methylene carbon in the spectra of PH and PO copolymers, and by
lack of the vinyl group (]CH2, 4.95–5.10 ppm and CH], 5.8–
5.9 ppm) in the proton NMR spectra. Because stereo and regio
defects (of similar contents for the series studied) also affect the
crystallization behavior, the analysis of experimental data
throughout the text is referred to the total concentration of all
types of defects, which is also listed in Table 1. The molar mass
and its distribution were determined by standard gel permeation
chromatography.

The original polymers were sandwiched between thin Teflon�

films and compression molded in a Carver press at 180 �C to films of
w0.6 mm thick. After melting for w5 min in the press, the films
were taken at room temperature and left for 2 weeks prior to initial
DSC melting. Given that the copolymers with defect contents
higher than 15 mol% display rather slow crystallization kinetics at
room temperature, this aging step is important to compare melting
properties among the series at a stage when most of the crystalline
structure has evolved. About 7 mg of these films were used for
thermal analysis using a Perkin Elmer differential scanning calo-
rimeter DSC-7 under nitrogen flow. Temperature and heat flow
calibrations were carried out with indium as standard. The first
heating thermogram, the cooling thermogram and the second
heating thermogram were recorded at 10 �C/min. Examples are
given in Figs. S2 and S3 of Supporting information.

Isothermal crystallizations were carried out either in the DSC
or in controlled temperature baths. At a fixed isothermal
olymers. The comonomer type, comonomer content and content of stereo and regio

(mol%) Total defects (mol%) Mw� 10�3 (g/mol) Mw/Mn Tg
c (�C)

10.1 217 1.80 �15.2
16.9 196 1.92 �24.0
20.8 134 2.07 �26.1
22.5 235 2.03 �28.0

8.3 147 2.10 �8.6
11.5 189 1.98 �9.8
16.6 285 2.09 �11.0
21.1 262 2.04 �13.5

9.7 117 2.01 �11.6
13.5 164 2.01 �15.5
15.3 149 1.97 �17.3
22.6 157 2.07 �19.9

8.3 139 1.85 �12.0
12.8 113 1.85 �20.0
14.3 114 1.82 �21.4
17.0 133 1.92 �22.1
18.5 96 1.92 �26.8
20.1 88 1.92 �27.4

ion.
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Fig. 1. Solid-state CP/MAS 13C NMR spectra of the crystalline regions of PH and PO
copolymers. The spectra were deduced from linear combinations of the spectra
obtained with spin-lock (SL) times of 0 and 6 ms [19].
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temperature, the degree of transformation was followed by the
change of the heat flow versus time in the DSC-7. Overall crys-
tallization rates were obtained from the DSC exothermic peaks as
the inverse of the time required for 50% of the transformation to
take place (equivalent to the half time rate concept) [14]. To
maximize heat transfer, the DSC was operated in conjunction
with an intracooler and under dry nitrogen flow. For copolymers
that developed very low degrees of crystallinity (PE22.5, PH22.6,
PO17.9, PO18.5 and PO20.1), the exothermic peak could not be
resolved. Here the extent of the transformation was obtained
from the endotherms by measuring the enthalpy of fusion with
time as described in a previous work [5]. DSC exotherms and
evolution of the heat of melting with time are given in Sup-
porting information as Fig. S4.

Ambient temperature WAXS diffractograms were taken in
a slit collimated Siemens D500 diffractometer in a 2q range of
5�–40� with filtered Cu Ka radiation as source, and operating at
30 mA and 40 kV. The isothermal crystallization of suitable
samples for WAXS analysis, and collection of diffractograms at
sub-ambient and above room temperature followed the same
procedures described previously [5]. Peak assignments for the
a and g phases were those given by Brückner and Meille [15]
and Turner-Jones et al. [16]. The fraction of the g polymorph was
calculated, after subtraction of the amorphous halo from the
areas of the (117)g reflection at 2q¼ 20.1� and the (130)a

reflection at 2q¼ 18.8�, as Ag/(Agþ Aa) [5]. Extraction of peak
areas from crystalline diffraction patterns and the determination
of the content of g phase using mixed Gaussian and Lorentzian
peaks to fit the resulting crystalline pattern were carried out
using GRAMS [17].

Solid-state 13C NMR experiments were carried out on the
specimens with the highest crystallinity prepared for WAXS. All
spectra were obtained at ambient temperature on a Bruker
DMX300 spectrometer operating at 75.5 MHz for 13C and at
300.2 MHz for 1H, and using a Bruker solid-state probe for 4 mm
rotors under a MAS frequency of 4000 Hz. CP MAS 13C NMR
spectra were collected under high power decoupling using an 1H
nutation frequency of 83 kHz and a recycle time between
acquisitions of 5 s. The contact time for cross-polarization was
1 ms. The fundamentals of the CP MAS NMR method used to
isolate the spectrum of the crystalline regions have been
described in previous works, and are based on the large differ-
ences in T1rH for crystalline and amorphous regions of poly
(propylenes) [18,19]. A 6 ms proton spin lock was applied prior to
cross-polarization in order to filter most of the protons in the
amorphous regions. Consequently, the resulting spectra are
strongly weighted in the crystalline component. Furthermore,
a minor fraction of the unfiltered CP MAS spectrum is subtracted
from the 6 ms proton spin-lock spectrum to null the remaining
non-crystalline component and to obtain the crystalline spec-
trum. Residues in this spectrum associated with carbons per-
taining to the branches give quantitative information about the
degree of comonomer participation in the crystalline regions.
Chemical shifts were measured with respect to tetramethylsilane
at 0 ppm and using glycine’s carbonyl carbon at 173 ppm as
external reference.

For AFM morphology, a film (w50 mm thick) with one free
surface was placed on a Linkam hot stage, heated to 180 �C for
3 min, and crystallized isothermally by rapid cooling from the melt
to Tc. AFM images were recorded in an environmental JEOL 4210
scanning probe microscope using Olympus single side coated
silicon cantilevers, with spring constant of w40 N/m and a tip
radius of less than 10 nm, at a resonant frequency of w300 KHz.
Topographic and phase images were simultaneously collected
under ambient conditions in non-contact AC mode at a resolution
of 256� 256 pixel/line.
3. Results and discussion

3.1. Co-unit partitioning and melting behavior

The co-unit partitioning behavior between crystalline and non-
crystalline regions is first analyzed by NMR for its impact in crys-
tallization kinetics due to expected differences in Tm

� and the
change in undercooling at which crystallization evolves. Direct
characterization by solid-state NMR of the crystalline regions of PE
[5,19] and PB [20] copolymers has previously indicated that both
comonomers are incorporated in the crystallites as defects, with
the 1-butene comonomer incorporated at higher levels than the
ethylene units [20]. Similarly, the stereo mrrm and erythro 2,1
defects were also found to be partially included in the crystal
regions. The degree of incorporation of the stereo defect is similar
to the ethylene, while the erythro 2,1 defect presents the lowest
degree of inclusion [18]. Comonomers with longer 1-alkene
co-units have not yet been studied by NMR; however, WAXD of
copolymers with 1-pentene (>4 mol%) and 1-hexene (>10 mol%)
units also gave evidence that both units are accommodated in the
crystalline regions, packing into a trigonal unit cell [10,21,22].

While there is general agreement as to the participation of the
ethylene and 1-butene comonomers in the crystalline regions of iPP
copolymers, the partitioning of higher a-olefins, such as the
1-hexene co-unit (in copolymer chains with (10 mol% 1-hexene)
or the 1-octene co-unit is still controversial. Based on solution-state
NMR of residues after nitric acid digestion, Hosoda et al. concluded
that both co-units are incorporated in the crystal [7], while
comparative analyses of thermal and morphological properties by
Arnold et al. [6] and Hiltner et al. [11] concluded that these co-units
are rejected. Further works by De Rosa et al. [9] on unit cell
expansion and polymorphism of 1-hexene copolymers with
<10 mol% comonomer were discussed as a partial inclusion of the
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co-unit. Aiming to resolve these discrepancies, we first present
a direct characterization of the crystalline regions of PH and PO
copolymers by CP 13C NMR.

Spectra of the crystalline regions of selected PH and PO
copolymers, generated on the basis of a two-phase model following
the same procedures detailed in our previous works [5,19], are
shown in Fig. 1. Spectra of PO copolymers with <10 mol% 1-octene
are analogous to the spectrum for PO12.8 and are not shown, while
PO copolymers with >12 mol% were not analyzed due to their
negligible crystallinity at room temperature. The three major
resonances are associated with the isotactic propene units, methyl
(w21.5 ppm), methine (w26 ppm) and methylene (w44.5 ppm),
and other less intense resonances are only observed for PH
copolymers with >13 mol% 1-hexene. On the basis of solution 13C
NMR spectra of propylene 1-hexene copolymers [23], these addi-
tional resonances are associated with carbons of the comonomer, as
shown in the figure. Here the symbols a, b, and g describe positions
of CH2 groups in side chains of 1-hexene units with respect to their
CH groups (also shown). These NMR spectra corroborate the
inclusion of the 1-hexene units in the crystals of PH copolymers
with 1-hexene content greater than 13 mol%. This is the 1-hexene
content above which a change in crystallographic unit cell from the
a phase to a trigonal packing occurs due to the incorporation of the
comonomer [11,21,22]. Lack of these resonances in the spectra of PH
copolymers with 11 mol% (PH13.5) or 5.4 mol% 1-hexene (PH9.7) is
indicative of a negligible incorporation of 1-hexene in the crystals
of PH copolymers with less than 13 mol% 1-hexene. Resonances
associated with the hexyl branch are not found in any of the PO
crystal spectra studied here, thus suggesting exclusion of the 1-
octene co-unit from the crystals of PO copolymers.

The concentration of 1-hexene within the crystalline regions
was calculated from the areas of the best resolved b-CH3 and b-CH
peaks in reference to the total methyl and methine crystalline areas.
The average values obtained are 5.8 and 16.1 mol% for PH15.3 and
PH22.6 respectively. From these data, the partitioning coefficient
PCR defined as the ratio between the concentration of defects in the
crystal with respect to the concentration of defects in the chain is
compared in Table 2 for the most common iPP defects and a-olefin
comonomers. For a relatively low defect concentration, (3 mol%,
these data indicate that the 1-butene co-unit has the highest
co-crystallizability with the propene unit, followed by the ethylene
and stereo mrrm defect with a similar effect, and by the 2,1 erythro
defect. The 1-pentene and 1-hexene co-units are special cases of
incorporation of comonomer-rich segments into a trigonal iPP
crystal structure when the concentration of the comonomer is
>4 mol% or >10 mol% respectively [10,21]. Since resonances asso-
ciated with the butyl branch are only found in the crystalline
spectra of PH copolymers that crystallize partially or totally in the
trigonal form, the initial conclusion is made that 1-hexene units are
Table 2
Partitioning coefficient, PCR, of defects found in iPP and propylene copolymers. PCR is
defined as the ratio between the concentration of the defect in the crystal over the
concentration of defect in the chain.

Defect type and content PCR
b

1,3 (2.4 mol%) 0.0 [18]
2,1 erythro (�1.0 mol%) 0.27� 0.03 [18]
mrrm stereo (�2.0 mol%) 0.48� 0.03 [5,18]
Comonomer: ethylene (1–21 mol%) 0.45� 0.03 [5,19]
1-Butene (<3 mol%)a 0.55� 0.04 [20]
1-Hexene (�11 mol%) 0.0
1-Hexene (13.2 mol%) 0.44� 0.02 [this work]
1-Hexene (21 mol%) 0.77� 0.03 [this work]
1-Octene 0.0 [this work]

a PCR is expected to increase for 1-butene contents >3 mol%.
b Values in brackets are citations.
only accommodated in trigonal crystals and are excluded from the
a or g phases. This explains the relatively sharp comonomer tran-
sition for the formation of trigonal phase in PH copolymers, sug-
gesting a threshold in the sequence length distribution of the
random copolymer to enable crystallization of sufficient como-
nomer-rich segments, with butyl branches spaced by only few
propene units, to allow crystal growth with the suggested trigonal
structure [10].

Differences in comonomer partitioning, given by the data of
Table 2, are reflected in the comparative melting (Tmf) and heat of
fusion (DH) behaviors in Fig. 2 where data for copolymers with total
defects <8 mol% studied in a previous work [3] are also included.
The decrease of Tm and DH with increasing comonomer content has
been well documented so that this matter is not of current concern.
The interest is the effect on melting of the type of unit for random
samples made with a single-site metallocene catalyst. For this
purpose, we plot the final melting temperature of the endotherm
(Tmf), instead of the melting peak because it is at the Tmf value when
the composition of the melt most closely resembles the defect
chain composition for any copolymer. Due to the coexistence of the
alpha and gamma structures in most iPP copolymers, and the
higher melting of the alpha phase [3,24], plotting Tmf for copoly-
mers with <15 mol% defects also ensures that the melting behavior
of the same alpha structure is comparatively analyzed for these
copolymers. At a fixed comonomer composition, copolymers with
the most co-crystallizable co-unit (PB) melt at the highest
temperatures, followed by PE, and further by PH and PO. Up to
a defect content of 15 mol%, the melting behavior of PH and PO
copolymers is equivalent, indicating that both co-units must
behave in a very similar way with respect to the incorporation into
the crystal lattice. Hence, this melting data support the NMR results
indicating that in this compositional range the 1-hexene and
1-octene co-units cannot enter the iPP lattice to any meaningful
extent in melt-crystallized systems. Compared to PH and PO
copolymers, PBs and PEs of a matched composition have longer and
a higher fraction of crystallizable sequences that may lead to
thicker crystallites. Consequently, the melting temperatures and
heat of fusions are higher, as experimentally observed in Fig. 2a and
b. The melting variation of these copolymers is also explained on
the basis of phase equilibrium between crystallites of the same
a nature and a composition dependent melt. The comonomer
composition of the melt coexisting with PH and PO crystals is richer
than the corresponding PE or PB crystallites formed from copoly-
mer chains with matched compositions. Therefore, on equilibrium
basis, and in reference to the homopolymer, the melting of PO and
PH crystallites is more depressed than the PE or PB melting. The
apparent invariance of the melting temperatures of PH and PO
copolymers in the 17–23 mol% range is due to the slow crystalli-
zation kinetics at room temperature, such that the values reflect
melting of isothermally formed and aged crystallites at 23 �C.

While the heat of fusion of PO copolymers decreases linearly
from 85 to 5 J/g with comonomer up to about 20 mol%, PH copol-
ymers follow the same linear behavior only up to w13 mol%
comonomer. For higher 1-hexene contents the heat of fusion of PH
is higher, even greater than the value of matched PEs. This behavior
was first described by Poon et al. [11] and is attributed to the
participation of 1-hexene and propene units in crystallites with
a different, denser structure, a trigonal phase [21,22]. Since the heat
of fusion of the pure trigonal structure is unknown, one cannot
conclude from these data that the degree of crystallinity of PH22.6
is higher than the value for PE or PO with a matched comonomer
content, this issue is better resolved by WAXS analyses, as shown
later.

The variation of the glass transition temperature for the same
copolymers, measured by DSC, is given in Fig. 2c. As these data
relate to segmental mobility, the differences observed between the
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four copolymer types are important to describe their crystallization
kinetics, especially for data obtained in a temperature range where
the kinetics are driven by segmental transport. Tg decreases with
increasing co-unit content as a consequence of the plastification
effect conferred by the comonomer and the increased free volume.
The trend with increasing branch length from PB to PO is the same
as observed by Arnold et al. [6], and Dlubek et al. [25] in similarly
constituted copolymers. Of interest in the data of Fig. 2c is the
variation of Tg for PEs, not studied in the works of Arnold and
Dlubek et al., that shows similar values to those of PO copolymers.
When comparing Tg values of PEs (from �12 to �27 �C) and PBs
(from �8 to �13 �C), higher values in the PB series reflect the steric
hindrance caused by branching to segmental motion, and when
comparing the PB–PH–PO series at a fixed co-unit content, the
decrease of Tg is associated with the increased flexibility of the
linear side chain as branch length increases from two to six carbons.
3.2. Overall crystallization kinetics

The isothermal crystallization rates are next analyzed in refer-
ence to their sensitivity to changes in content and length of crys-
tallizable sequences in random copolymers as the co-unit is totally
or partially discriminated from the crystalline regions. The rates
associated with the inverse of the time required to acquire half of
the transformation are given in Fig. 3. For clarity of presentation,
rate data are comparatively shown for PE and PB copolymers in
Fig. 3a, while data for PH and for PO are given in Fig. 3b. The rates of
PEs are taken from a previous work [5].

In the compositional range studied, up to w20 mol%, PEs, PHs
and POs with comonomer contents >15 mol% (PE) and >10 mol%
(PH and PO) respectively, show a maximum of the crystallization
rate with increasing Tc. This is due to the shift to lower values of the
accessible Tc interval to observe crystallization kinetics with
increasing comonomer content, as detailed in our previous work
[5]. Given that in these copolymers the co-unit is partially or totally
rejected from the crystalline regions, Tm

�
is predicted to decrease

with increasing comonomer, sufficient sequences of the required
length for crystallization are only found at undercoolings corre-
sponding to much lower Tcs, those approaching Tg for these
copolymers. Since the available number of sequences for crystalli-
zation is increasingly restricted with increasing comonomer
content, the result is slow kinetics and a reduced level of crystal-
linity due to the limited number of crystallizable sequences and
transport limitations that reduce further the availability to propa-
gate crystal growth.

A quantitative assessment of differences in the crystallization
rates within the series, and for increasing comonomer content
would require an independent kinetic analysis of the two different
crystallographic phases that develop simultaneously for many of
these copolymers [3,5,26,27]. On this subject, we found out from
previous work [3] that a and g have the same initial crystallization
rates. Therefore, the possible contribution of differences in kinetics
is minimized at the early stages of the transformation. However, the
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rate data on the basis of a small transformation, for example the
time to reach 10% of the transformation, lead to identical trends to
those of Fig. 3. Furthermore, in the nucleation controlled Tc range,
the analysis should be carried out at the same undercooling rather
than for the same Tc, as shown in Fig. 3. Comparing the rates of
compositionally matched copolymers at the same undercooling
(Tm
� � Tc) will account for differences in Tm

�
due to the diverse par-

titioning behavior of the co-unit. However, this comparison is
difficult in these complex series because values of Tm

�
for many of

the copolymers are unknown. Even an estimation of Tm
�

using
equilibrium-based formalisms for random copolymers with
co-units excluded [28] or included [29] in the crystal requires
parameters such as the heat of fusion, DHu, which is likely to
change from the value of the homopolymer as the comonomer
increases, especially when the comonomer participates in the
crystal. A possible change of DHu is also unknown. Due to these
limitations, the overall rates will be first discussed for matched Tcs,
with inference to a change in undercooling as the major parameter
leading to differences in rates obtained at high Tcs. At Tcs
approaching Tg growth is dominated by segmental transport, and
hence by melt viscosity instead of undercooling.

At any fixed Tc, the crystallizations of PBs are faster than for
matched PEs (Fig. 3a). This is the expectation from the relatively
high co-crystallizability between the propene and 1-butene units,
as shown by NMR and melting data. PBs have longer and a greater
number of crystallizable sequences than analogous PEs because
more of the 1-butene co-units can participate in the crystalline
lattice. It is thus expected that, for crystallizations at the same Tc, PB
copolymers crystallize at much higher undercoolings than matched
PEs. Due to fast kinetics, the maximum of crystallization rate is not
observed for PB copolymers even at 1-butene contents of
w20 mol%. The differences in crystallization rates between PEs and
PBs greatly accentuate with increasing comonomer, and while
below 5 mol% defects PBs crystallize at double the rate of PEs, the
rates of PB16.6 are over 1000 times faster than the analogous
PE16.9, and match those of PE10.1, a propylene ethylene with much
lower comonomer content.

The crystallization rate behavior of PHs and POs, shown in
Fig. 3b, is also explained in reference to the partitioning of both
units and the values of Tg for these copolymers. At a fixed Tc the rate
of compositionally matched PH or PO copolymers is lower than the
data for PB or PE copolymers as expected, due to differences in
co-unit partitioning, as shown in Table 2, and the expected deple-
tion in number of crystallizable sequences with the required length
in PHs and POs. Up to a defect of 15 mol%, PH and PO copolymers
display very similar overall crystallization. For example, the rate of
PH3.4/PO2.9, PH9.7/PO8.3 and PH13.5/PO12.8 practically overlaps
between the pairs. The difference in overall rate between PH15.3
and PO14.3 is attributed to a larger mismatch in comonomer
content. As listed in Table 1, PH15.3 has 1.5 mol% higher como-
nomer than PO14.3, and hence, lower crystallization rates. We then
conclude that up to 15 mol% the crystallization rates of PH and PO
conform to the NMR and melting results that indicated that both
co-units are rejected from the lattice in this compositional range.

Significant differences in kinetics between PH and POs are only
found for >15 mol% defects (a13 mol% comonomer) as shown in
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Fig. 3c where the isothermal crystallization rates are compared for
the four types studied at the same w20 mol% comonomer and for
similar molecular weights. Matching molecular weights of PE, PH
and PO, in addition to co-unit, is important at this level of defects,
because, as discussed in an earlier work, crystallization is only
observed at Tcs close to Tg where viscosity plays a dominant role in
the rate. With respect to PB, the crystallization rates decrease quite
abruptly for PE, PH and PO, indicating the reduced availability of
segmental sequences that can participate in the nucleation and
growth processes of these three copolymers. Of interest is the
unique comparative rate behavior on both sides of the maximum.
At Tc >5 �C above the Tc max, PE crystallizes faster, followed by PH
and by much lower rates of PO, while at Tc<�5 �C, below Tc max, the
rates of PE and PO are similar while the rate of PH is significantly
lower. The temperature dependence of the rates is readily
explained considering how the type of comonomer affects the
change in free energy for nucleation (DF*) and segmental transport
(DED) which are the major drives for crystallization above and
below Tc max, as given by the Turnbull–Fischer equation for the
nucleation rate [30]:

N ¼ N0 exp
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� DED
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In the high Tc range, the rate data for PH22.6 are higher than for
PO20.1 following the increased number of crystallizable sequences
of PH at this compositional level due to the participation of the
1-hexene units in the crystal. In reference to the data for PO20.1,
the kinetic data of PH22.6 point to a higher Tm

�
, as expected for the

trigonal unit cell that accommodates the 1-hexene units in
a structure with higher packing density, as compared with the
monoclinic (a phase) of PO20.1 free of co-units. Clearly in the high
Tc range, the rates follow the degree to which the co-unit partici-
pates in the crystallites. We do not find any PO with faster kinetics
than PH in this temperature range, as stated in the work of Poon
et al. [11] (see Fig. 9 of this work), nor this is expected since NMR
and other PO properties suggest that the 1-octene unit is always
excluded from the crystal, while the 1-hexene unit may not be. It is
possible that the PH and PO copolymers compared by Poon et al.
were made with different catalysts, and had different contents of
stereo and regio irregularities. This could impact the rates to
a larger extent than the difference due to the co-unit. This feature
reveals again the importance that properties are compared for
copolymers synthesized with the same metallocene catalyst under
the same conditions in order to draw sound conclusions on the
effect of comonomer type on crystallization.
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The values of the rates of PH and PO to the left of Tc max follow an
opposite trend. Here the rates of PO are higher than those of PH,
and the rates of PO and PE overlap at the lowest Tc studied. This
trend with decreasing Tc parallels the variation of Tg in these
copolymers, a parameter that impacts the free energy change for
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values, hence, the crystallization rates at Tc<�10 �C are also very
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PEs or POs. At Tcs near Tg the increased number of crystallizable
sequences from the inclusion of l-hexene in the crystal lattice of
PH22.6 is not the limiting parameter for nucleation and growth. At
these Tcs the barrier for nucleation is low, but transport restricts
crystallization. Here, a higher DED value for PH22.6 limits
segmental transport compared to the melt dynamics of matched PE
and PO.

The different behavior of crystallization rates in the nucleation
controlled Tc range as compared to those obtained in the segmental
transport driven range is summarized in Fig. 4. Here the isothermal
rates obtained at extremes Tcs of the bell-shape, i.e., 20 �C and
�15 �C, are plotted as a function of defect content for PE, PH and PO
copolymers (notice that the fast kinetics of PB can not be compared
at these Tcs). At 20 �C, in the nucleation controlled Tc range, and for
<15 mol%, the rates of PEs are w150 times faster than for PO or PH
copolymers, in accordance with the inclusion of ethylene and
exclusion of 1-hexene and 1-octene from the crystallites. When the
1-hexene unit is included, such as for PH >15 mol%, the crystalli-
zation is faster and at w20 mol% approaches the value of a PE with
double molar mass due to the large incorporation of l-hexene units
in this compositional range. In contrast, when crystallization is
carried out at �15 �C the difference in kinetics between PE and PH
and PO is minimized as seen in Fig. 4b. At Tc¼�15 �C, the influence
of co-unit content on decreasing the crystallization rate follows
a linear behavior of about half the slope of the PE and PO data at
20 �C. As mentioned earlier, at this Tc the rate of PH22.6 does not
deviate upward from linearity due to the relatively high Tg.

The temperature at which the rate is a maximum and the
maximum value of the rate also follow a linear decrease with
increasing comonomer content, except for PH22.6, as illustrated in
Fig. 5(a) and (b). These data also demonstrate quite clearly that up
to w15 mol% comonomer PH and PO follow the same crystalliza-
tion behavior, while the maximum rate values for PEs of matched
compositions are significantly higher, reflecting a crystallization at
higher undercoolings from the partial accommodation in the
crystal of the ethylene units. In comparison, a high Tg and a possible
high Tm

� for the more dense trigonal structure are the major factors
for the drastic increase in Tc max of PH22.6 (>15 �C) compared to the
PO values. Conversely, POs, PEs and low co-unit content PHs have
similar Tgs, but the Tc max of PEs are w20 �C higher, suggesting
higher Tm

� values for PEs, as discussed earlier. Therefore, the
general conclusions made from NMR and from the analysis of
the crystallization rates are also in line with the observed variation
of Tc max. PH and PO copolymers up to w15 mol% have an equivalent
behavior, and hence both co-units must have the same behavior
with respect to incorporation into the crystal lattice. The results
from NMR and lack of discontinuity in kinetics of the PO series with
increasing comonomer content indicate that 1-octene units do not
enter the lattice; accordingly, the l-hexene units at <15 mol% must
be also rejected.

3.3. Polymorphism

In an earlier study that analyzed the polymorphic behavior of
metallocene iPP copolymers in a relatively low range of como-
nomer content (<8 mol%), we concluded that the development of
the g polymorph is a good indicator of differences in the parti-
tioning of the comonomer units [3]. The conclusion was based on
experimental data indicating that short crystallizable sequences
favor the formation of the g polymorph, and holds when the
copolymers are synthesized with the same catalyst and have the
same random comonomer distribution [3]. The participation of
a co-unit in the crystal extends naturally the length of crystallizable
sequences in PB and PE copolymers, which were found to develop
less of the g phase than PHs and POs at comparable comonomer
levels. However, the initial expectations with respect to the chain
microstructures needed for crystal development in pure g phase
are not fulfilled when the crystal structure is analyzed in an
extended compositional range, as shown in recent works by De
Rosa et al. [8,9]. For example, these authors nicely demonstrated
that the inclusion of large contents of 1-butene units in the crystal
expands the a lattice to levels such that the g phase can no longer
be formed. This occurs because in iPP crystals formed with high
1-butene levels the a and c axial lengths lose their equivalence,
a requirement for homo-epitaxy and for the development of the g
phase. They also found that the g phase does not form in PH
copolymers with 10–15 mol% 1-hexene. This unexpected feature
was attributed to a small expansion of the a lattice of PH crystals
formed in this compositional range. By analogy to the behavior of
PB copolymers and the unmistakable participation of the 1-hexene
units at levels >15 mol%, the expansion was identified with the
participation of the 1-hexene units in the a crystals [9]. The
conclusions by De Rosa et al. of 1-hexene inclusion in PH copoly-
mers (<15 mol%) clearly diverge from the NMR, melting and crys-
tallization kinetics of the series studied here. If indeed the 1-hexene
units are included in the crystals and the 1-octene are not, then PH
and PO copolymers with <15 mol% co-unit should show different
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polymorphism and a different level of unit cell expansion. To
analyze possible differences in polymorphic behavior and lattice
expansion between PH and POs, WAXD diffractograms of isother-
mally crystallized specimens were collected for the same copoly-
mer series studied here. The diffractograms are shown in Fig. 6 for
an extended range of Tcs, including patterns obtained at tempera-
tures close to Tg, not studied in previous works [8,9,11].

Diffractograms for PEs and PBs with increasing Tc and increasing
comonomer content are given in the two first rows of Fig. 6. The
structural information obtained from these diffractograms is the
same or very similar to other works [8]. However, they are included
to present a complete set of structural information as the length of
the 1-alkene co-unit increases. Polymorphic differences between
these copolymers are, thus, more directly observed. In the co-unit
range studied here, at a fixed Tc, the development of the g phase is
enhanced in both PE and PB copolymers with increasing como-
nomer content, following the general concept that the increase in
short crystallizable sequences favors the formation of the g phase.
Only PB21.1 develops less than expected g content at Tcs >60 �C
(Fig. 7a), in agreement with the impact of a higher fraction of 1-
butene incorporated in the a crystals, shown by De Rosa et al. [9].

Crystallization temperature dependent diffractograms of PHs
and POs are presented in a range of w8 to w23 mol% defects in the
third and last rows of Fig. 6. In agreement with the melting and
crystallization rates, the polymorphic behavior of PH and PO up to
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thus activated at higher Tcs [3]. Given that g does not develop at
Tcs< Tmax in any of the systems studied, the additional conclusion
that segmental mobility is required in addition to short crystalliz-
able sequences to develop the g phase [5] appears general for all
iPPs and their copolymers.

The fractional content of g phase developed by PH and PO with
w9 mol% defects is, however, lower than expected as found
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found for PH9.7 and PO8.3 is basically the same value for these two
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in the earlier work [9]. The crystallographic behavior of PH13.5 and
PO12.8 is also atypical because they do not develop the gamma
 (°C)

T
c
 (°C)

PE1.8
PE10.1
PE16.9
PB8.3
PB11.5
PB16.6
PB21.1
PH9.7
PH13.5
PH15.3
PO8.3
PO12.8

80 100 120 140 160

b

19.2

19.4

19.6

19.8

20.0

20.2

0 20 40 60 80 100 120 140 160

2
 
f
o
r
 
(
1
1
7
)
 
(
d
e
g
)

PE1.8
PE10.1
PE16.9
PB8.3
PB11.5
PB16.6
PB21.1
PH9.7

from diffractograms of Fig. 7 for (a) pure alpha reflection, (130)a, and (b) pure gamma
between (040)a and (008)g planes.



0

10

20

30

40

50

X
c
 
(
%
)

PE10.1
PE16.9
PE20.8
PB8.3

PB11.5
PB16.6
PB21.1

a

b

0

10

20

30

40

50

0 20 40 60 80 100 120

0 20 40 60 80 100 120

X
c
 
(
%
)

T
c
 (°C)

T
c
 (°C)

PH9.7
PH13.5
PH15.3
PH22.6
PO8.3
PO12.8
PO17

Fig. 9. Percentage crystallinity (Xc) obtained from WAXD of Fig. 7 as a function of
crystallization temperature (Tc). (a) Data for PE and PB, (b) data for PH and PO
copolymers.

K. Jeon et al. / Polymer 50 (2009) 832–844842
phase at all as seen in Fig. 6. It is quite clear that the l-octene
comonomer is too large to be accommodated in a trigonal structure
similar to that formed by PH22.6, and only develops small and
defected crystallites at >18 mol% as reflected by the lack of crys-
tallographic reflections at this comonomer level. Therefore, if the
l-octene defect is too large to participate in a crystal lattice, then the
l-hexene unit must also be excluded in the crystals of PH copoly-
mers with (13 mol% comonomer (<15 mol% total defects in the
series studied here), because in this co-unit range both copolymer
types display the same crystallization and melting behaviors.

We have analyzed the expansion of the unit cell comparatively
for the four sets of copolymers for consistency between PHs and
POs in the co-unit range where both types present an equivalent
crystallization behavior. The results for isothermally crystallized
samples are shown in Fig. 8(a)–(c). The 2q values characteristic of
the (130) plane for the a reflection at w18� and of the (117) plane
for the g reflection at w19.8� are given in Fig. 8a and b. We find that
only PB copolymers show at any Tc a significant decrease in 2q

(equivalent to lattice expansion) with increasing l-butene content,
in consonance with inclusion of the 1-butene comonomer in both
a and g polymorphs, and in agreement with De Rosa et al.’s results
[8]. The homopolymer and PE1.8 have the highest 2q values, and the
(130)a and (117)g reflections of PH and PO copolymers are above
any PB data. There is a very small variation of 2q (18.3þ 0.1 for the
a phase) among the PH and PO data, with the exception of PH15.3
which was found to develop some trigonal phase that, as is known,
includes the comonomer. The 2q reflections of PO8.3, PH9.7, PO12.8
and PH13.5 are basically the same indicating, in parallel with
previous analyses, that both co-units are rejected from the crys-
tallites. Data for the Bragg distance of planes (040)a and (008)g at
2q w 16.5�, given in Fig. 8c, lead to the same conclusion. This
distance reflects direct changes in the dimension of the b and c axes
of the a and g crystals respectively. As shown, there is a negligible
lattice expansion with Tc for most copolymers, while clear differ-
ences are observed in the lattice dimensions of the PB series
compared to all other copolymers. The axial distance increases
from 5.40 to 5.60 Å in the range of l-butene from w5 to w20 mol%
respectively, due to the increased participation of the 1-butene
units in the crystal [8]. The variation of this distance for PE, PO and
PH is narrower, from 5.30 to 5.38 Å. Moreover, compared to the
homopolymer and with PE data, PO and PH show the same negli-
gible ba and cg axial expansion, again indicating that the volume of
the butyl and hexyl branches is too large to be tolerated in the a or
in the g crystal lattices.

Since the unit cell dimensions do not support co-unit inclusion,
the lower than expected contents of g in PH and POs at w8 mol%
co-unit or lack of formation of this polymorph in PHs (10–13 mol%)
and POs (>10 mol%) is instead explained first by a decreased
segmental mobility in the relatively low range of Tcs required for
crystallization of these two copolymers. We notice that the only
instances of significant g crystallization at Tcs in the 30–50 �C range
involve PE or PB copolymers with high comonomer content for
which Tg is relatively low and the availability of crystalline
sequences is higher due to the inclusion of the comonomer. A
second explanation is morphological. As the co-units are excluded
from the crystals, only small crystallites of limited extension in
length and width develop at high comonomer contents. Taking the
postulate presented by Lotz that branching from the a phase
requires a smooth (010) face a100 Å [31], as the crystallites
become thinner and more segmented with increasing co-unit
content of the excluded type, the required surface length to allow
epitaxial g branching no longer can develop.

Degrees of crystallinity were also estimated from the diffracto-
grams of Fig. 6, after subtraction of the amorphous halo. For
samples that contained a fraction of crystallites formed during
quenching at room temperature, the WAXD crystalline area was
corrected by the ratio of the area of the melting peak above Tc over
the total melting area (including the quenching peak). These data
obtained after isothermal crystallization give a measure of the
kinetic effect in building crystallinity, and thus, of the comonomer
as a defect in restricting crystalline packing. To minimize over-
lapping, the data for PE and PB series are given in Fig. 9a and for PH
and PO in Fig. 9b for copolymers with >5 mol% comonomer.
Despite the participation of the co-unit in the crystals, the decrease
in crystallinity for PEs and PBs with increasing Tc and with
increasing comonomer indicates that both comonomers are defects
that restrict crystallinity. However, at a matched composition the
absolute crystallinity value differs greatly between PBs and PEs. All
PB copolymers develop between 50 and 45% crystallinity at the
fastest crystallizations, while in the same comonomer range the
maximum crystallinity developed by PEs decreases from 45% to
15%, pointing out that the increased restrictions to crystallization
imposed by the ethylene units follow the general behavior of
semicrystalline random copolymers with co-units more discrimi-
nated from the crystalline regions. The reason is the kinetic
requirements of increasing crystalline sequence length to form
a stable crystallite at higher Tcs, or with increasing comonomer, and
the depletion in number of these sequences. As the comonomer is



Fig. 10. AFM images of indicated PE, PH and PO copolymers melt crystallized at 23 �C. Topographic and phase images are indicated as H and P respectively, followed by the scan size.
The image type and scan size are vertically equivalent. The inset in PE22.5 is the corresponding phase image with a scan size of 3.7� 2.6 mm2, added to display the axialitic
morphology of PE22.5 crystallized at 23 �C.
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better incorporated in the crystals, such as for PBs, this number
increases, and crystallinity increases correspondingly.

POs and PHs with <10 mol% follow the same decrease of crys-
tallinity with increasing Tc (Fig. 10b). In contrast, the degree of
crystallinity for>10 mol% increases with Tc, and appears to level off
and further decrease at the highest Tcs, as shown in the diffracto-
grams of PH13.5 and PO12.8 of Fig. 6. We associate this change with
the relatively low Tcs needed to observe crystallization in PH and PO
copolymers with high co-unit content. Within the sequence limi-
tations in the Tc> Tc max range, a large fraction of the crystallinity
that develops in these copolymers will be favored by the increased
segmental transport as Tc increases. Notice that the same trend is
found for PH22.6, which develops the trigonal structure in the
whole range of Tcs, including crystals formed at Tc¼�10 �C
a temperature only a few degrees above Tg. The crystallinity of
PH22.6 increases by two to three folds the value of any PE or PO
with >10 mol% comonomer. This is a consequence of the drastic
change in crystallization behavior of PH with a large number of
1-hexene co-units participating in the formation of a different,
denser phase.

Differences in the crystallization behavior of these iPP copoly-
mers incurred by the role of the comonomer type in packing chain
sequences also impact the morphology of the evolving crystallites.
The major features are comparatively summarized in the images in
Fig. 10 for copolymers with defect compositions between w13 and
w20 mol%, crystallized at 23 �C. At this Tc, the morphology of any
PB copolymer and PEs <15 mol% is featureless due to fast crystal-
lization during cooling prior to reaching Tc, thus not shown. PHs
and POs with<15 mol% defects display the same morphology. Even
after a relatively slow crystallization, the crystalline morphology of
PH15.3 and PO12.8 is composed of multiple thin and short lamellae
that aggregate in spherical objects. This morphology parallels the
exclusion of the co-units and the restricted number of crystallizable
sequences to propagate lamellar crystallites. At 1-hexene >15 mol%
the morphology is quite different from the morphology of POs with
a comparable comonomer content. The co-crystallization of the
comonomer in PE and PH at the w20 mol% level allows formation
of long lamellae of 94�7 Å and 122� 9 Å thick respectively, that
aggregate into large open spherulites as seen in the images. In
contrast, as the 1-octene is not participating in the crystallization,
only short and thinner crystallites (w75 Å) can develop in POs at
comonomer levels >10 mol%.

4. Conclusions

A comparative analysis of the isothermal crystallization kinetics
of four sets of metallocene-made random iPP based copolymers
with ethylene, 1-butene, 1-hexene, and 1-octene as co-units
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(<21 mol%) has substantiated differences in partitioning of the
different comonomer types between the crystalline and non-crys-
talline regions. Crystallization kinetics coupled with studies of the
developing polymorphs, the unit cell expansion, differences in
crystalline morphology and melting behavior have also revealed
the role of the comonomer type, and content, in developing the
copolymer crystalline structure in the nucleation and in the diffu-
sion-controlled regimes.

Fixing comonomer content and Tc, the variation of the rate
parallels the partitioning of the co-unit, as a defect, between
crystalline and non-crystalline regions. The crystallization of PBs is
faster than in matched PEs, and both types present faster rates than
those of PH or POs with analogous defect content. In a co-unit range
<13 mol% PH and POs have the same crystallization rates, indica-
tive of the same crystallizable sequence length distribution and of
the same behavior with respect to the participation of the co-unit in
the crystal. Since the 1-octene does not enter the crystal lattice, the
1-hexene units must also be excluded in copolymers with
(13 mol% comonomer. This conclusion is supported by solid-state
NMR from the absence of residues associated with the branch in the
crystalline spectra of PH (<13 mol%) and PO copolymers, by an
analogous polymorphic, unit cell expansion, and melting behavior,
and by a similar crystalline morphology. Thin crystallites of reduced
lateral extension contrast with longer, better-organized lamellae
developed by copolymers with co-crystallizable units. The crys-
tallization rates of PHs >15 mol% are significantly higher than for
matched POs due to the accommodation in the crystals of a large
number of 1-hexene units at this relatively high co-unit level. It is
perceived that the crystallization of PH >15 mol% develops by
packing comonomer-rich segments, more abundant in the chain at
this co-unit level, instead of long isotactic sequences as is the case
for PHs and POs with <15 mol%.

In the nucleation-driven crystallization range, or at Tcs> Tc max,
the kinetics are governed by undercooling, and thus by the co-
crystallizability of the co-unit with the propene unit. Therefore, the
values of the rates follow a trend led by the copolymer with the
longest crystallizable sequence length, i.e., PB> PE> PH¼ PO at
<13 mol% or PB> PE> PH> PO for >13 mol%. However, the varia-
tion of the rates of copolymers with the same molecular weight at
Tc< Tc max is driven by melt segmental dynamics that follow the Tg

of each copolymer. The impact of Tg on the crystallization rate is
important, especially at the highest co-unit contents. The Tgs of PHs
with >15 mol% are >20 �C higher than the Tg values of matched
POs, therefore at Tc< Tc max, although the 1-hexene also participates
in the crystallites, the PH rates are lower than those of matched POs
due to restricted segmental transport.

Lack of development of the g polymorph in PH and PO copoly-
mers with comonomer contents between 10 and 15 mol% is not due
to the inclusion of the comonomer and expansion of the lattice, as
previously suggested, but rather due to a decreased segmental
mobility and the formation of thin a crystallites too short to enable
homo-epitaxial g branching.
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