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Abstract

A variety of techniques is used to describe the fine structure of a series of well defined linear polyethylenes, polymerized using the new
generation of metallocene-based catalysts. The sample’s molecular weight (Mw) is restricted to the usual values of processability of this
material ranging from 14 K to 460 K. It will be clearly shown that the overall enthalpy of the rapidly crystallized samples follows a linear
decrease with the log ofMw. The relative amounts of the different phases as seen from Raman spectroscopy and small angle X-ray scattering
are evaluated as a function of molecular weight. As a consequence of the overall study, the contributions of the ordered and disordered
regions to the long period are clearly separated and a semi-empirical expression for this essential structural parameter is proposed.q 1999
Elsevier Science Ltd. All rights reserved.
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1. Introduction

The recent discovery of metallocene-based catalysts for
the polymerization of thea -olefins has opened the possibi-
lity of synthesizing new materials with an efficient control
of streoregularities, molecular weight (Mw) and molecular
weight distribution, as well as comonomer incorporation
[1]. One of the most important aspects in which homoge-
neous olefin polymerization by metallocene catalysts differs
from the traditional heterogeneous Ziegler–Natta catalysis
is that the resulting polymer chains follow the most probable
Mw Flory–Schultz distribution [2], characteristic of this
single type of metal centre catalysts with a well defined
coordination environment. At the same time, a sufficient
amount of the material, necessary for a suitable determina-
tion of the rheological and mechanical properties, can be
obtained. The aim of this work is to describe in detail the
microstructural parameters of a series of metallocene-based
polyethylenes (PEM) covering a wide range ofMw, with
distribution close to 2. In order to enhance the role of the
molecular length upon the solidified structure a fast crystal-
lization method was chosen.

The simplest and most widely accepted view is that the
microstructure of melt-crystallized polyethylene (PE)
consists of an alternation of more or less well ordered

lamellar crystals separated by liquid-like domains (two-
phase model), an idea which comes from both the lamellar
nature of the folded single crystals and the characteristic X-
ray diffraction patterns of semi-crystalline polymers [3].
However, this ideal two-phase model faced from the very
beginning the difficulties associated with the drastic change
of densities from 1 gcm23 at the crystal core [4] to approxi-
mately 0.853 gcm23 corresponding to the amorphous phase
[5]. Thus, several approaches were suggested to solve the
problem [6,7] having in common the idea of introducing an
intermediate region of order. Assuming, then, the need of an
interphase, the remaining question to answer nowadays is
how extensive and relevant this interphase is compared to
the overall structure. The development of the Raman spec-
troscopy applied to polymers allowed Strobl et al. [8] to
quantify the fraction of material involved in the interfacial
region. More recently, in a following and more thoroughly
spectroscopic study, Mutter et al. [9] suggested that the
amorphous region is formed itself by a pure liquid-like
region and a transition region defined by a conformational
state which is significantly different from the pure melt.
Using NMR Cheng et al. [10] have also quantified the
amount of interfacial material in PE in good agreement
with Raman results. The final picture is then a two-phase
system, each phase having a well distinguished interphase.
In the present work the four-phase model for the structural
characterization of the PE samples has been assumed.
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2. Materials and methods

The samples were prepared by Repsol I1 D, following
the Kaminsky method [11], where Cp2ZrCl2 has been
employed as single side metallocene catalyst. Molecular
parameters of these experimental PEM samples are listed
in Table 1. It is of interest to point out that the PEM contain
not short chain branching. Additionally, the molecular
weight distribution is fairly symmetrical around the maxi-
mum (see Fig. 1). These two distinct features could be rele-
vant to explain the remarkable homogeneous behaviour of
these samples. Due to a lack of small angle X-ray scattering
(SAXS) data, sample 460 K was only analysed by calori-
metric methods.

The samples were compression moulded into films of
0.5 mm thick at 1608C and 150 bars and then rapidly crys-
tallized between cold metallic plates. The melting behaviour
of the samples has been studied by means of a Perkin–
Elmer DSC-7. Similar discoid samples of 100mm thickness
and weight of 2.4 mg were used. To detect any reorganiza-
tion of the crystals during heating on the dsc, the various
melting endotherms were recorded at heating rates of 10, 20
and 408C min21. Indium was used for temperature and
specific heat calibration of the instrument. Since enthalpy

values are not affected by heat transfer, corrections for
sample thermal lag were not considered [12].

Small angle X-ray scattering experiments were carried
out by means of a Rigaku camera attached to a Rigaku
rotating Cu anode operating at 40 kV and 140 mA. Pinhole
collimation and photographic detection have been
employed. One dimensional SAXS intensity plots were
read on a Perkin–Elmer two dimensional microdensit-
ometer with a pixel size of 50mm. The scattered intensities
at different angles were obtained by averaging six diame-
trical readings through the centre of the main beam position.
The absorption coefficient of each sample,m (l �
1.5418 Å), was measured in order to correct the experimen-
tal curves from primary beam and blind scattering effects.
The average value of the long periodL was calculated from
the maximum of each Lorentz corrected SAXS curve by
direct application of Bragg’s law.

Macroscopic densities were measured at room tempera-
ture using the flotation method in a toluene/dioxane solu-
tion.

2.1. Raman spectroscopy

Raman spectroscopy was performed at room temperature
using a Jobin–Yvon U1000 laser Raman spectrometer. A
softly focused Argon ion laser (300mm spot diameter) with
an incident power of 300–400 mW has been employed. In
each case five scans were recorded and the spectral resolu-
tion was about 2 cm21.

Following the procedure proposed by Mutter et al. [9], the
mass fraction of the different phases in PEM can be calcu-
lated from the observed intensities in the internal mode
region of the Raman spectrum (600–1600 cm21). In Fig. 2
this particular region of the solid paraffin, C28H58 spectrum
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Table 1
Sample name, weight-average molecular weight,Mw, polydispersity,Mw/
Mn and total concentration of chain ends

Sample Mw (g mol21) Mw/Mn (CH3/10008C)

460 K 460 000 2.3 , 0.20
255 K 255 000 2.90 , 0.40
181 K 181 000 2.90 0.39
64 K 64 000 3.50 1.44
14 K 14 000 2.30 6.65

Fig. 1. Molecular weight distribution of a PE synthesized with metallocene
catalysts as compared to a conventional Ziegler–Natta PE.

Fig. 2. Raman spectral region showing the internal modes of vibration in
PE: (a) amorphous state, (b) semi-crystalline state, and (c) crystalline state.



taken at 258C and the region of the PE spectra taken at 258C
and at 1608C, respectively, are compared. The four main
vibrational modes—rocking, stretching, twisting and bend-
ing—are indicated in the figure. It has been demonstrated
that the total intensity of the twisting vibrational mode
(1250–1350 cm21) is independent of the state of order of
the polymer [8]. Hence, it provides us with an internal stan-
dard. The intensities in Fig. 2 have been normalized with
respect to the total intensity of the twisting vibrational
range. The mass fraction of the orthorhombic crystals,a c,
can be derived by the intensity of the CH2 bending band at
1416 cm21:

ac � I1416=Itws

Ia�1
1416=Itws

whereIa�1
1416=Itws � 0:493 �1�

Similarly, the mass fraction of the whole amorphous
regions,aa, can be estimated from the CH2 twisting vibra-
tions according to:

aa � I1303

Itws
�2�

As suggested by these authors, the amorphous phase itself
consists out of two main parts, a liquid-like region (a l) and a
transition region (a i21) where the chains exhibit a confor-
mational state which is different from that of the pure melt.
In the twisting region both amorphous domains contribute to
the intensity of 1303 cm21 band. However, only the pure
liquid-like domain contributes to the rocking vibrational
mode of the spectrum. The mass fraction of the liquid amor-
phous regions is calculated from the CH2 rocking vibrations:

al � Irock�T�
Irock�T � 160� �3�

whereT is the actual experimental temperature. Sincea l is
always smaller thanaa, the differencea i21 � aa 2 a l

corresponds to the interfacial amorphous region. Finally,
the mass fraction of the crystalline interfacial phase, i.e.
regions where the chains adopt all-trans conformations but
have lost their lateral order, can be deduced from the follow-
ing relation:

ai2c � 1 2 �ac 1 aa� �4�

To calculate the integrated intensity of each band, a
constant background, which accounts for the fluorescence
intensity of the sample, was first subtracted from the experi-
mental spectrum. Then the spectrum of the melt was scaled
to that of the partially crystalline sample by means of the
following expression:A(m ) � fM(m ), wheref is a weight
factor andM(m ) is the spectrum of the melt. Finally, Voigt
functions were used for the fitting of the experimental
bands. In Fig. 3 the fitting procedure used in the twisting
and bending regions for one of the PE samples is illustrated.
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Fig. 3. Fitting of the twisting and bending Raman bands of PE using Voigt
functions.

Fig. 4. DSC traces of PEM with differentMw.



3. Results and discussion

We will present the results in two sections. In the first part
we will analyse the effect of theMw on the overall crystal-
linity of the samples while in the second part we will discuss
the fine details of the structure as a function ofMw.

3.1. Crystallizability and molecular weight

Fig. 4 shows the experimental melting curves of the
rapidly crystallized PEM samples at a heating rate of
108C min21. As expected, by increasingMw the maximum
and the final temperatures of the endothermic peak shift
towards higher temperature values. This and other details
concerning the melting process will be discussed in a forth-
coming publication [13]. Let us for the moment concentrate
our attention on the overall enthalpy of melting as obtained
by the integration of thecp curve in the interval between
308C and 1408C. The results are plotted on Fig. 5 in a semi-
log plot as a function ofMw. A clear linear relationship is
found and the evolution ofDH with Mw can be expressed by
the empirical expression (dotted line in Fig. 5).

DHexp� 2732 66log�Mw

Me
� for Mw . Me �5�

where Me is the critical entanglement molecular weight
[14,15]. In order to confirm the above law, other recently
published results on PEM [16] and PE fractions [17–19]
have also been included in the figure. As can be seen all
the data follow quite well the trend expressed by Eq. (5).
The valueMw � Me marks the transition point between the
Rouse regime [20] and the entanglement regime [21]. At
this point there is then an abrupt change in the crystalliza-
tion behaviour of the system and the enthalpy takes a value

close to the regular folded lamella [22]. BelowMe Eq. (5) is
no longer valid. In fact, forMw , Me a very slight tendency
of DH to increase asMw decreases is observable until a
constantDH value corresponding to the extended chain
crystal morphology is obtained [19].

It is worthwhile to mention that the continuous depression
of the enthalpy of fusion at highMw is quite unusual. In fact
for conventional PE samples, despite their molecular weight
distributions, a levelling off of the enthalpy of fusion with
molecular weight has been reported [19].

3.2. The structural model

In Fig. 6 the mass fraction of the four phases as a function
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Fig. 5. Variation of the total enthalpy of PE with the log ofMw.

Fig. 6. Variation of the mass fraction as a function ofMw for the different
phases in PEM.



of the log of molecular weight has been plotted. As can be
observed by increasingMw, a clear reduction of the core
crystal mass fraction is obtained. Additionally, the amount
of the liquid amorphous region nearly triples its initial value
from 10% to 30%. The crystalline interfacial region shows
an slight increase. On the other hand, the mass fraction of
the amorphous interphase shows a discontinuous behaviour
with a sharp edge close to aMw critical value of 100 K. For
samples above that value a considerable amount of the
chains are presumably involved in this interphase (a i2l �
9%), while for those below the critical value a drastic decay
of a i2l down to 2% is detected. It is of interest to emphasize
that botha c andaa show a linear trend with logMw.

The X-ray experimental scattering curves in the low angle
region as a function of the reciprocal vectors are plotted in
Fig. 7. The samples 255 K and 181 K exhibit broad diffrac-
tion maxima overlapped to a very pronounced diffuse scat-
tering near the zero angle. This kind of scattering curve is
known to be characteristic of very high molecular weight
PEs [23,24]. The diffuse scattering is indicative of density
fluctuation at distances well above the average interlamellar
spacing [25]. The broadening of the maxima on the other
hand arises from intrinsic paracrystalline disorder of the

lamellae and interlamellar region distributions. In contrast,
the two low molecular weight PEs, especially the sample
14 K, exhibit well ordered and regular lamellar stacking
besides to a considerably weaker diffuse scattering. The
average values of the long period,L, are collected also in
Table 2. As has been reported before [26],L increases with
Mw.

The thickness of each phase can be calculated from the
following expression:

l j � Laj
r

rj
�6�

wherea j andr j are the mass fraction and the density of thej
phase, respectively, andr is the average density of the
sample. Let us first discuss the density value to be assigned
to each phase.

The average density valuesr are collected in Table 2.
The density of the core crystalr c can be taken equal to
1.000 g cm23 since the unit cell parameters are independent
of Mw under the crystallization conditions here employed
[4,27]. The density of the chains in the liquid-like amor-
phous regions,r l, has been taken equal to 0.853 g cm23

[5]. The density of the chains neither in the crystalline inter-
phase nor in the amorphous interphase can be determined
experimentally. However, indirect measurements situate the
value of r i2c around 0.96 g cm23 [28]. This value sounds
reasonable since the chains in the interfacial region are
expected to have nearly the same conformation as in the
crystal core. Asr i21 is concerned we have taken the value
of 0.905 g cm23 which is the average density between the
crystalline interphase and the liquid-like regions. The values
of the thickness of each phase calculated from Eq. (6) and
using the above densities are collected in Table 2. As can be
observed,lc remains practically constant for all the samples
while both the interfacial and the amorphous thickness
increase withMw.

Let us first recall the two most relevant results hitherto
obtained: (a) the crystalline core is independent of molecu-
lar weight, and (b) the long period increases monotonously
with Mw. Above all, the most striking result is the constancy
of the valuelc with Mw. Indeed, in the relatively wide range
of Mw investigated we observe no differences in the average
length of the segments which cooperatively form the crys-
tals within the experimental error of̂ 1.0 nm. This value
has been observed previously by other authors [26,29–31]
in PE samples with very different molecular weights as well
as in blends [29]. Thus, the obtained value of approximately
13.0 nm seems to be characteristic of linear PE crystallized
at high undercoolings,DT. Let us try to offer an explanation
to the above result. The limiting value oflc could be related
to the initial fold length of the secondary nucleuslg* of the
kinetics theory of Lauritzen–Hoffman (L-H) [32]. In fact,
by a close inspection of thelg* vs DT data of a previous
work of one of us (J.M.S.) [33], one finds that there exist a
plateau at highDT values. Actually the above mentioned
result contribute at that time to develop the idea of the
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Fig. 7. Small angle X-ray scattering curves of some of the investigated
PEM samples.

Table 2
Macroscopic density,r , long period,L, and thickness of the crystal core,lc,
liquid-like, l l, and crystalline,l i2c and amorphous,l i21, interphase regions

Sample r(g cm3) L(nm) lc(nm) l i2c(nm) l i21(nm) l l(nm)

255 K 0.943 29.7 13.4 2.2 1.4 9.2
181 K 0.947 26.3 13.0 2.0 1.1 7.3
64 K 0.958 22.3 13.2 1.6 0.5 5.0
14 K 0.973 18.1 13.2 1.1 0.3 2.1



regime III of the L-H theory [34]. It is worthwhile to
mention that the values of the initial folding obtained at
highDT using the droplets technique were precisely around
the 13.0 nm that is observed in our melt-quenched samples.
Let us then admit that constraint-free molecular segments of
sufficient length start the crystals by nucleation into a regu-
lar folded conformation of 13.0 nm thick. This is always
possible providing that the characteristic time for reeling
in the segment from the melt is lower than the lateral growth
rate. Taking the highest overall growth rate of 2 ms21

reported by Barham et al. [35], one can derive that the
typical time for the deposition of three to four folds would
be of the order of 1025 which happens to be lower than the
characteristic relaxation time of the segment involved,
1023 s [36,37]. The event could occur then at multiple
niches as the regime III predicts. The propagation of the
growth front at each niche would be then heavily
constrained by the entanglement points of the network in
such a way that folding at the initial value could not be

longer maintained. However, molecular segments adjacent
to the initially folded nucleus could continue the lateral
growth of the crystal by adopting the minimum energy
conformation of the orthorhombic packing. This process
implies in fact a reduction of the surface-free energy of
the crystals as compared to the value predicted by the L-H
theory for regular folding. The average crystal core thick-
ness should then to be close to the initial fold length. It is of
interest to recall that the characteristic entanglement length,
ca. 16.0 nm for PE [14,15], is above the observed crystal
core thickness and close to the maximum thickness value
obtained in our samples considering both the crystal core
and the interfacial region adjacent to it. The simple mechan-
ism described above would explain the constancy of the
crystal core with molecular weight.

The semi-crystalline system is assumed to consist of
folded-chain lamellae. The drastic change of densities
from 1 at the crystal core to 0.853 corresponding to the
non-crystallized amorphous region, and consequently the
required dissipation of the chains at the crystal surface
cause the majority of the chains to re-enter the same crystal
from which they emerge. The probability of re-entering the
same crystal for the solution-growth single crystals is close
to 1 while for the specimens crystallized from the melt in
Regime III, this probability is severely reduced to ca. 0.7
[6]. The mechanism of chain re-entry into the lamellae has
been widely investigated; however, especially for melt-
crystallization process, the problem is far from being
resolved. The extreme cases of the chain re-entering
problem are the adjacent regular folding and the switch-
board models. In the former case ideally the molecules
fold back and forth with hairpin turns. On the contrary, in
the switchboard model, the chains rather enter into the
lamellae more or less randomly. The results from neutron
scattering experiments show that even in the most favour-
able cases (solution-grown single crystals) only a fraction of
chains can be engaged in adjacent foldings [38–40]. For
dilute solution-grown crystals a better fit of the experimental
results is achieved by means of a modified regular re-entry
model, where the same molecule forms a new stem either
after immediate re-entering or after skipping over one or
two nearest-neighbour sides. Upon crystallization from the
melt, the neutron scattering experiments show that a nearly
random stem re-entry (some type of switchboard model)
was most likely to occur [39–41]. However, as pointed
out by Hoffman [7], even for melt-crystallized samples
some regular folding is necessary to account for the density
at the crystalline–amorphous interphase.

Let us then consider the folded-chain lamellae to be
formed of a completely ordered core crystal with a thickness
equal tolc and two folding surface layers, each with a thick-
ness equal tol i2c. As first proposed by Sadler et al., the
surface layer can be envisaged with the folds at different
lengths of the immediate surface of the core crystal and
therefore the idea of a unique fold depth should be excluded
and instead a distribution of fold depths has to be brought in
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Fig. 8. Sketch of the layer structure in PEM showing comparatively the
relative size of each phase.



mind [42]. The sketch of such a folded-chain structure is
presented in Fig. 8. In fact, the rough surface layers separate
the core crystal regions from the non-crystalline–amor-
phous layers, so we will refer to them as the ‘transition
layers’. The all-trans segments to some degree penetrate
the transition layers more than they would in the truly amor-
phous regions. However, as observed in Fig. 8, in contrast to
the core crystal regions, the all-trans segments in the transi-
tion layers do not present any regular lateral packing in
accordance to the ideas mentioned in the introductory part
of this paper. The degree of order between each folded-
chain lamellae can be defined as:

vi � lc
Lc

�7�

whereLc � lc 1 2l i2c is the total length of the folded-chain
lamellae. Here we are reminded that under rapid crystal-
lization conditions, Regime III,lc is constant. Obviously
the maximum degree of order between the folded-chain
lamellae,amax

c , may be attained when the average thickness
of the transition layers is minimum. This situation would
correspond to a mainly regular folding mechanism, i.e. to a
solution-grown lamellae with identical core crystal thick-
ness. Based on our experimental results the following
expression forv i as a function of the repeating units per
chain,N, has been derived:

vi � amax
c 2 k1log� N

Ne
� �8�

In the above expressionNc� 270 is the critical number of
repeating units between entanglements andk1 is a constant

equal to 0.093. Foramax
c a value close to 0.91 has been

obtained. This later value is in good agreement with the
observed crystallinity level of single crystals of PE grown
from dilute solutions [22]. Therewith for the total length of
the folded-chain lamella we can write:

Lc � 1c

amax
c 2 k1log

N
Ne

�9�

On the other hand, the long period would be determined
by the average density of entanglements which is molecular
weight dependent. So the high molecular weight sample
would lead to higher long period values as is found experi-
mentally.

In the case of polymers crystallized from the melt, Schel-
ten et al. [43] and Crist et al. [44] found that the radius of
gyration of chains in bulk material was similar to that in the
molten state. This led Flory and Yoon [45] to conclude that
the random entanglements in the molten state must be
largely preserved and concentrated during solidification.
The necessary condition for the fulfilment of the above
statements is that the samples have to be severely under-
cooled and most surely large portions of crystallization have
to take place in Regime III. At each temperatureT . Tm, and
after a period of timet, the random coils will achieve an
equilibrium conformational state characteristic of that
temperature. Upon rapid cooling, the crystallization takes
place almost immediately, and therefore the structure of the
chains is very similar to the initial state before cooling, and
at least in the case of the long chains there is not enough
time for the molecules to fully adopt the conformational
state characteristic of the crystallization temperature.

Consequently, it is not surprising that the thickness of the
amorphous layer was related to the characteristic parameters
of the molecules in the molten state. ForMw higher thanMe,
the molten state is described by means of an entanglement
lattice, which in turn is related to the number of times that a
given chain crosses a fictitious plane [15]. The number of
entanglement points for a given chain is in turn is propor-
tional to the square root of the number of repeating units of
the gaussian chains [46]. This is due to the fact that the
volume occupied by a chain of N-monomers is proportional
to the radius of gyration of the gaussian chain to the third,
R3

g / N3=2, while the cross section of an arbitrary plane is
proportional toR2

g / N:. Again based on our experimental
results the following expression forL which is the sum of
both the liquid-like and amorphous interphase layers, can be
derived:

La � k2

����������
N
Ne

2 1

s
�10�

wherek2 is a constant equal to 1.40.
In the linear model it is assumed that the lamellar stacks

are effectively of infinite lateral size, so that only the one
dimensional variation of electron densities normal to the
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Fig. 9. Experimental long period values, symbols, of the PEM and
predictedL values as a function ofMw. The predicted crystalline, (Lc)
and amorphous (La) contributions are also shown.



lamellar planes accounts for scattering. Under these
assumptions all the amorphous material have to be located
between the lamellar crystals. The applicability of this
model to melt-crystallized linear PE samples has been veri-
fied recently [47]. Then the long spacingL is just the sum of
both the folded-chain and the amorphous layer lengths, i.e.
Lc � La 1 La. Combining Eqs. (9) and (10), we can rewrite
the following expression for the long period:

L � lc

amax
c 2 k1log

N
Ne

1 k2

����������
N
Ne

2 1

s
�11�

In Fig. 9 the experimental values of the long period as a
function of log(Mw) are plotted. The solid curve in this
figure is calculated from Eq. (11). The contributions of the
folded-chain length,Lf, and amorphous layers,La, are drawn
separately.

4. Conclusions

Polymerization based on the new generation of metallo-
cene catalysis results in a better design of the polyethylene
architecture as compared to the traditional Ziegler–Natta
products. The linear molecules, free of short chain branch-
ing and with an almost symmetrical distribution, exhibit a
remarkable homogeneous behaviour upon rapid crystalliza-
tion from the melt. The crystallizability of this PEM is
strictly controlled by the length of the molecule which
defines the long period of the structure. The crystal core
remains identical with molecular weight and the increasing
value of the disordered regions withMw yields a monoto-
nous decrease of the crystallinity of the system. Various
semi-empirical equations are derived from the experimental
data as a function of a single parameter: the molecular
weight.
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[12] Alizadeh Azimi A, Muñoz-Escalona A, Martı´nez-Salazar J. Polymer
1997;38:1207.
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