Recent Researches in Geography, Geology, Energy, Environment and Biomedicine

Morphology of Polyethylene with Regular Side Chains Distribution
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Abstract: Copolymers of ethylene and a-olefins (consisting of 8, 12, 18 or 26 carbons) synthesized with zirco-
nocene catalyst (which provided regular comonomer distribution) were investigated by differential canning
calorimetry and X-ray scattering. As indicated from the calorimetry and small-angle X-ray scattering, the
ethylene-hexacosene copolymer with comonomer content of 3 mol% may have a second crystallites present. As
no other reflections were measured with wide-angle X-ray scattering, the side chains crystallites should have
the same dimensions of its crystal lattice as the main chain crystalline structures. Since this side chains crystal-
lization was found only in the ethylene-hexacosene copolymer with higher content of comonomer, a critical
concentration of sufficiently long comonomer chains should be reached for this secondary crystallite formation.
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1 Introduction
Linear low-density polyethylene (LLDPE) is a co-
polymer of ethylene with small percentage of
but-1-ene, hex-1-ene, or oct-1-ene, which represents
significant portion of 60 million tons worldwide
annual production of polyethylenes (PE) [1].
LLDPE can be produced using both the Ziegler-
-Natta (ZN) catalysts, resulting in random comono-
mer distribution in the chain [2], and the metallo-
cene catalysts which provide regular comonomer
distribution [3-5]. Although the metallocene cata-
lysts were broadly studied and applied in polymeri-
zation of stereoregular polypropylene [5,6], they
were also successfully used for copolymerization of
LLDPE [4]. Kaminsky et al. [3] showed that co-
catalyst system based on zirconocene is very active
also for the copolymerization of ethylene with oct-
-1-ene. Beside this, the zirconocene complex was
used to copolymerize dodec-1-ene, octadec-1-ene
and hexacos-1-ene with ethylene to copolymers with
regular side chains distribution along the main
chain; their properties were subject to study else-
where [3,7-10].

The macroscopic properties of polyolefins
strongly depend on the chain structure, and there-

ISBN: 978-1-61804-022-0

312

fore, the quality of PE in both molten and solid state
could be tuned by presence of side chains of various
lengths and quantities. This dependence is caused by
steric hindrances of the side chains what affects
primarily the polymer crystallinity [3]. Generally
agreed models also suppose that the side chains are
incorporated in the amorphous phase and only a
small portion of the side chain atoms is located
inside crystalline regions, where they create packing
errors [7]. On the contrary, Piel et al. [10] suggested
that in some cases these short chains, namely those
based on rather long comonomers, can crystallize
and possibly create separated aggregates.

The present paper directs attention to assess the
presence of second crystalline phase using X-ray
scattering (both the wide-angle and small-angle
setup) and differential scanning calorimetry (DSC).

2 Experimental

2.1 Materials

Copolymers of ethylene with oct-1-ene, dodec-1-
-ene, octadec-1-ene and hexacos-1-ene as a com-
onomer were synthesized as outlined elsewhere
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[9,10]. They are here denoted according to the com-
onomer length (the number following the letter "C")
and the initial comonomer concentration (mol%) in
a polymerization mixture (the number preceding the
letter "C"), which fairly corresponds to the 1.5 and
3.0 mol% comonomer concentration in the copoly-
mer. Summary of their previously published cha-
racteristics is given in Table 1, where the reference
ethylene homopolymer is denoted as L-PE.

2.2 Differential Scanning Calorimetry

The investigation of thermal behavior was done
using a Perkin-Elmer Pyris 1 DSC power-compen-
sated instrument. All measurements were initiated
by rapid heating (50 K-min™") from 20 °C to 160 °C.
At this temperature the samples were held for 5 min.
Afterwards, cooling (-10 K-min") was performed
down to 20 °C and after 5 min of settling the
material was heated (10 K-min™) back to 160 °C.
Values of each enthalpy change (AH,,) were gained
using the instrument software and they were recal-
culated using Eq. (1) to estimate crystallinity (x.) of
each material.

x, =AH, [AH" -100 [%] (1)
The heat of fusion of fully crystallized PE (AH
290 J-g') was taken from the value listed in pre-
vious publications [10]. Lamellar thickness (L.) can

be estimated from the melting peak maximum by
the Gibbs-Thomson equation (2) and the Flory equ-

ation (3), where 7,, is a melting temperature, 7 is a
copolymer melting temperature, X, is a molar
fraction of ethylene comonomer (for homopolymer
X, =1), T’, = 418.6 K is an equilibrium melting
temperature of PE, AH, = 2.96-10° J'm™ is a volu-
metric heat of fusion, o, = 0.09 J-m? is a basal sur-
face free energy, and R = 8.314 Pa-m’K'mol” is a
molar gas constant. The relation between X, and T,
is curve fitting — Eq. (4), published elsewhere [10].

, 2
T, =T;(1-- @
AH L,
YT, =1/T,)~InX,-R/AH, (3)
InX, =0.331-135.5/T, “4)

2.3 Sample Preparation

All the samples were subjected to recrystallization
under controlled thermal conditions with a Perkin-
Elmer DSC instrument. The specimens were in a
shape of discs of 4 mm in diameter and thickness of
approx 1 mm. Heating from 20 °C to 160 °C was
done with rate of 50 K-min™'. In the molten state, the
materials were held for 5 min before cooling with
rate of -1 K-min" was done. Specimens were cooled
down to 20 °C and they were subsequently used for
X-ray diffraction directly, while for the scanning
electron microscopy (SEM) the surface was addi-
tionally treated by chemical etching in 1 wt% solu-
tion of KMnQ, in H,SO, for 15 min. After washing
in running water, specimens were washed in acetone
and sputter-coated with Pd/Au alloy.

2.4 X-Ray Scattering

Small-angle X-ray scattering (SAXS) was done with
Molecular Metrology SAXS System with a pinhole
camera attached to a microfocused X-ray beam
generator (Osmic MicroMax-002) operating at 45
kV and 0.66 mA. The camera was equipped with a
multiwire gas-filled area detector with an active area
diameter of 20 cm (Gabriel design).

A Bruker D8 Discover was used to measure
wide- angle X-ray scattering (WAXS) which was
equipped with X-ray tube with a copper target oper-
ating at 30 kV and 30 mA and a GADDS 2-D
detector. Mathematical functions were used for
fitting of individual intensity vs. 20 curves using

Table 1. Ethylene copolymers characteristics and branching information calculated by Piel et al. [10]

M, MWD Conversion® DSC NMR
[kg-mol ] [%] T, [°C] T.[°C] | x.[%] | MSL’(bonds) | MSL’[A]
L-PE 368 2.13 N/A 139.0 115.6 65.6 N/A N/A
15C8 321 2.19 10.1 115.2 100.6 413 120 151.2
15C12 316 2.05 8.8 116.5 100.2 40.5 128 161.3
15C18 328 2.08 8.8 116.5 102.9 413 134 168.8
15C26 352 2.22 7.1 118.7 99.7 42.9 140 176.4
30C8 269 2.02 8.8 103.3 85.4 31.3 55 69.3
30C12 280 1.94 73 103.3 86.1 31.1 47 59.2
30C18 276 1.98 9.8 104.1 86.9 30.0 50 63.0
30C26 334 2.00 7.7 103.3 85.9 40.2 49 61.7

a) Portion of the initial comonomer content incorporated into the macromolecule.
b) Methylene sequence length — distance between branching carbons. MSL[AJ = (MSL[bonds] . 2.52) / 2.
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TOPAS software to describe the amorphous and
crystalline curves. The crystallinity index (X.) was
subsequently calculated from Eq. (5), where /. and
1, are intensities of crystalline and amorphous phase,
expressed by the area under WAXS curves.

X, =1,/(1,+1,)-100 [%] (5)

2.5 Scanning Electron Microscopy

A FEI Quanta FEG scanning electron microscope
was used for the observation of the etched specimen
surfaces; the Everhart-Thornley detector and 5 kV
accelerated voltage were employed.

3 Results and Discussion

3.1 Differential Scanning Calorimetry

Table 2 summarizes crystallinity values obtained
from Eq. (1). It is clear that the temperatures of tran-
sitions of the L-PE are the highest as compared to
the rest of the samples (copolymers). This indicates
better evolution of ordered structures in L-PE which
is also confirmed by its highest x.. Calculating from
the heat of crystallization only slight variation of the
crystallinity can be seen in 15C8, 15C12, 15C18 and
15C26. In the set of samples with higher content of
side chains the 30C8 shows the highest x.. The other
samples display nearly identical values. Calculating
from the heat of fusion the x. shows similar depen-
dence for the copolymers with lower content of side
chains. But for the copolymers with more side
chains the values non-monotonically varies.

As expected, the crystallinity indexes and melt-
ing/crystallization temperatures for the copolymers
with higher content of side chains are always below
those with lower side chains content.

In the DSC record no second peak could be
observed for any sample except 30C26. This peak at

Table 2. Recorded and evaluated DSC data.

T,, = 49 °C represents heat of 6 J-g". It is worth
noting that the pure hexacosene wax shows two
melting peaks — at 37.3 °C and 52.6 °C, and the
investigated copolymer was purified by repeated
recrystallization to eliminate any erroneous signals
[10]. As a consequence, the revealed peak should be
ascribed to the polymer transition.

3.2 Wide-Angle X-Ray Scattering
Table 3 shows the peak positions of the (110) and
(200) reflections of all samples. It can be seen, the
position of these maxima in case of L-PE is above
all the values obtained for the copolymers. This
implies that the distance between reflection planes is
smaller (according to Bragg’s law) when compared
to other samples. As mentioned before, we cannot
assume that all the side chains will be excluded
from the crystalline regions and also Stadler et al.
[11] admit the presence of side chains inside the
crystallites, which widens the crystal lattice. On the
other hand, they suppose that the short side chains
will be most likely presented in the lattice in com-
parison with longer side chains, which remain out-
side the crystalline regions. These chains are then
concentrated on the boundary of crystallites.
Comparing copolymers with different comono-
mer amount — 15C8 with 30CS etc., one can see that
both the 20 angle and the X, are smaller for the sam-
ples with higher side chains content than the corres-
ponding values for the samples with low number of
side chains, which is in accordance with DSC data.
The crystallinity index increases with the increasing
comonomer length for both sets of samples. Unfor-
tunatelly, the WAXS determined crystallinities are
different from those calculated from the DSC as can
arise from recrystallization effect during DSC
measurement. In further text, the values mostly from
X-ray scattering will be discussed.

crystallization melting i

T.°Cl | AH.Ig'] | %%l | T.°Cl | AH, gl | xi%l | A

L-PE 116.0 157.9 54.4 135.0 170.6 58.8 2413

15C8 99.6 71.4 24.6 113.2 86.4 29.8 78.7
15C12 100.3 76.8 26.5 113.2 90.2 31.1 78.7
15C18 102.1 83.0 28.6 114.2 91.3 31.5 81.2
15C26 100.4 75.3 26.0 115.0 76.4 26.3 83.3

30C8 85.3 72.5 25.0 99.7 58.4 20.1 55.5
30C12 86.1 56.5 19.5 100.5 65.1 224 56.5
30C18 85.7 58.3 20.1 102.6 54.7 18.9 59.3
30C26 major peak 85.9 54.6 18.8 101.0 58.0 20.0 57.2
30C26 minor peak — — — 49.0 6.0 — 26.3
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3.3 Small-Angle X-Ray Scattering
Fig. 1 shows Lorentz-corrected intensity vs. scat-
tering vector spectra. Expectably, the intensity
maximum of the L-PE points the lowest scattering
vector (¢) of all measured samples, what refers to
the biggest long period (LP), i.e. well-developed
crystalline structure. The relation between ¢ and LP
is determined by Bragg’s law — Eq. (6).
LP=2m/q (6)
Combining the WAXS and SAXS data — Eq. (7)
and (8), the thicknesses of lamella (/.) and amor-
phous layer (/,) can be estimated [12].

[.=X_/100-LP (7)
LP=1I +I, (8)
3.4 Model

Fig. 2 gives summary of values of methylene se-
quence length (MSL) derived from nuclear magnetic
resonance (NMR) data by Piel et al. [10] compared
to L., I. and [, established in this paper. From the
comparison of L. and /. with MSL it is evident that
the MSL values are higher than L. or /. for the low-
comonomer materials, and that the MSLs are similar
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Fig. 1. Lorentz-corrected SAXS patterns

to L. or /. for the materials with higher comonomer
content. This can be explained by entanglements
restricting whole regular methylene sequences to be
incorporated into lamellae within melt crystalliza-
tion; also the maximum lamellar thickness thermo-
dynamically achievable at given crystallization con-
ditions should be considered. It should be also men-
tioned that the length of the crystallizing sequences
(MSL) for the copolymer with 1.5 mol% of com-
onomer is less than one time higher as compared to
the relevant /; as for the copolymers with higher
comonomer content the values are similar. Even for
the copolymer with lower comonomer content the
length of crystallizing sequence does not allow to
create two consecutive stems during lamellae for-
mation. In both cases the lamellae should not be
thus created via regular chain folding but rather a
switchboard model approach.

The /. calculated from the X-ray data for the
30C26 sample is significantly higher than the others
in the set of copolymers with 3.0 mol% of comono-
mer. This phenomenon could be explained that the
calculated thickness of the main chain lamellae is
increased by the thickness of the lamellae created by
the side chains. The maximal lamellar thickness of
side-chains lamella is length of straightened chain
(30 A). Regarding the DSC data, the 2™ peak in
thermogram of 30C26 points L. of 26.3 A, which is
in accordance with previously stated. If this length
is subtracted from the calculated length of 88 A, the
overestimation is eliminated and the value fits with
the others in the set.

Regarding the SAXS patterns, the peak of 30C26
is asymmetrical. Thus the deconvolution into two
peaks was done by means of iterative method. The
positions of the individual peaks then pointed LP of
194 A and 122 A, which means /, equal to 89 A and
56 A. This implies that in some cases the side chains
can crystallize in the way that their thickness is
added to the thickness of main chain lamellae.

Table 3. Data obtained from WAXS and SAXS measurements and calculated material characteristics.

Peak position — 20 [deg]| X. Gmax LP l. l,

(110) (200) [%] [A] [A] [A] [A]

L-PE 21.537 23.906 73 0.01357 463 338 125

15C8 21.432 23.715 48 0.03690 170 82 88

15C12 21.432 23.715 48 0.03551 177 85 92
15C18 21.432 23.732 51 0.03288 191 97 94
15C26 21.415 23.732 55 0.03288 191 104 87
30C8 21.327 23.593 35 0.04648 135 47 88

30C12 21.310 23.575 36 0.04472 141 51 90
30C18 21.310 23.523 40 0.03985 158 63 95
30C26 21.362 23.506 46 0.03288 191 88 103

ISBN: 978-1-61804-022-0

315




Recent Researches in Geography, Geology, Energy, Environment and Biomedicine

400

350

/] 338

300

250

241

200

151
161
169

Length [A]

150 3

125

88
92
97
94

100 3

79
82
79
81

50 3

N/A

od

PR Number average MSL from NMR data
U7 L, calculated from DSC data

[, calculated from SAXS/WAXS measurement
XY /, calculated from SAXS/WAXS measurement

©
~
-

3
-~ © o n ©
By ® © 53 ° 3
3 ) o
© @ @
S~ 85— © @ © ©l5
‘ § ‘ § ‘ ‘

103

L-PE 15C8 15C12 15C18

A model comprising two structures of crystalline
regions could be proposed. In the material, there
should be regions with crystallites created solely by
main chain lamellae while the side chains are in an
amorphous stay and regions where the side chains
are creating crystallites on the surface of main-chain
lamellae. An idealized model is given in Fig. 3. As
no other diffraction peaks are seen in the WAXS
record, we suppose the side chains crystallize in the
same crystal lattice dimensions as the main chain.

Because the second crystallites were proved only
within the 30C26 sample, two main criteria for their
formation can be stated: the sufficient length is
necessary to form initial nuclei while the concentra-
tion is needed both to have enough of chains to
crystallize and to have enough of crystallites to get a
signal of detectable intensity. Both seem to be ful-
filled only in case of 30C26 copolymer.

It is obvious that the values of MSL and L. are
similar for the materials with 3 mol% of a given
comonomer. This implies that the side chains can be
in higher concentration localized close to the vicin-
ity of the primary lamellae. The switchboard model
of the primary lamellae organization should be here
considered based on the mentioned agreement
MSL~/.. Consequently, a strict spatial localization

£ (T

J
&9

Fig. 3. Idealized model of the crystalline structure.
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of the side chains can be supportive to their interac-
tion and nucleation, and overall crystallization.

It should be pointed out that all previous discus-
sion can only be considered if the materials crys-
tallize into the lamellar morphology. To verify this
point, SEM was employed showing clearly the for-
mation of lamellar textures (Fig. 4). Unfortunately,
in comparison with the SAXS data, the lamellae are
thicker as might be related to the effects arising
from the etching or metal sputtering. The SEM
analysis is therefore used here in terms of qualitative
assessment only. One can see that unlike the L-PE
the copolymers tend to form spherulites consisting
of twisted lamellae.

4 Conclusion

The morphology of metallocene-catalyzed copoly-
mers of ethylene and different a-olefins as a com-
onomer was studied. The aim was to prove if the
side chains are able to crystallize separately to the
main chain crystallites. DSC measurements gave
evidence of secondary crystalline structures for the
hexacosene copolymer with high comonomer con-
tent, while the WAXS pattern pointed out, that these
structures should have the same crystal lattice size
as the prevailing crystallites. Data derived from the
X-ray diffraction indicated the second crystalline
structures in a size expectable for the side chains
lamellae. As the evidence was given only for the
hexacosene copolymer with high comonomer con-
tent, two main criteria driving the potential side
chain crystals formation are discussed: the side
chain length and their number should be high
enough to let crystallization initiate and proceed.
Sufficient amount of the side chains and its specific
localization close to the primary lamellae is needed
both to have enough crystallizable material and to
create enough of crystallites to detect them.
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