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Abstract

In this work, new copolymers of propylene/1-hexene (PHC) and propylene/1-octene (POC) were synthesized by using a highly isospecific
metallocene catalyst system based on rac-Me,Si(2-ethyl,4-phenyl,1-indenyl),ZrCl,, in the homogeneous and heterogeneous forms, activated
by methylaluminoxane (MAO). An investigation about the copolymerization of propylene with 1-hexene and 1-octene employing this
catalyst system illustrates the potential for the tailoring of propylene/higher a-olefin copolymers with controlled thermal and mechanical
properties by varying the comonomer concentration in the polymerization feed. Both catalyst systems showed high activity and produced
random copolymers with very low or no detectable crystallinity. It was observed that properties such as enthalpy of crystallization (AH,),
crystallization temperature (7¢), melting temperature (77,), glass transition temperature (7,), storage modulus (E') and density decreased in a
linear pattern with increasing comonomer content in the copolymer. That might allow to suggest differential scanning calorimetry (DSC) and
dynamic thermal mechanical analysis (DMTA) as fast and low cost analytical methods to determine comonomer content in propylene
copolymers, in the range of concentration studied, as a less expensive alternative to Solution State Carbon 13 Nuclear Magnetic Resonance
("*C NMR). The influence of the short chain branch length was also investigated and it was observed that, compared to 1-hexene, much less
l-octene was necessary to disrupt the crystalline structure and impart rubbery behavior to the copolymers. Solid state '*C NMR analysis
presented excellent correlation with the results obtained with DMTA. A lowering of Tﬁ, values was observed for copolymers with higher
comonomer content and longer alkyl branch, which parallels the decline of storage modulus (E') and glass transition temperature (7, o)

indicating an increase in materials’ flexibility. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Metallocene catalysts have been very successful in repla-
cing Ziegler—Natta catalysts in the polyethylene industry.
However, the same growth has not yet been experienced by
polypropylene producers. That is partly due to the fact that
only recently stereorigid bridged substituted bisindenyl
zirconocenes were developed [1-5].

The advent of stereorigid dimethylsilylene-brigded bis-
indenylzirconocenes with substituents in the 2- and 4-
positions led to highly active catalysts for propylene poly-
merization. These catalysts are capable of producing high
molecular weight isotactic polypropylene with narrow
molecular weight distribution and high melting tempera-
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tures [1-5]. Moreover, these metallocenes allow a much
higher degree of a-olefin incorporation than could ever
be achieved with conventional Ziegler—Natta catalysts.
Generally, copolymerizations initiated by ordinary Ziegler—
Natta catalysts produce copolymers with a wide comonomer
distribution due to the heterogeneity of active species,
whereas metallocene catalysts are able to produce copoly-
mers with uniform comonomer distribution and low xylene
extractables [5]. Thus, a new family of propylene copoly-
mers with properties still not available within the range of
commercial products can now be produced with very
promising perspectives.

Metallocene ethylene/higher a-olefins copolymers are
already one of the most important commercial products in
the polyolefins market and have been widely studied in
recent years [6—11]. However, not much has been published
on propylene/higher a-olefin copolymers [12-25].
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In the present study, a series of propylene/higher a-olefin
copolymerizations were performed using a highly active
and isospecific metallocene catalyst, i.e. rac-Me,Si(2-
ethyl,4-phenyl,1-indenyl),ZrCl,. As far as we are aware
of, there are only a few reports on propylene copolymeriza-
tion with higher a-olefins [13—25]. None of them, however,
regards the use of this highly isospecific catalyst. Further-
more, there is scarce information on the physical properties
of these materials [13,14,21,24]. This paper discusses the
structure—property relationships of propylene/l-hexene
(PHC) and propylene/l-octene (POC) copolymers based
on their thermal and solid state *C NMR characterization.
Also, the influence of comonomer content and the length of
the alkyl branch on the physical properties of metallocene
propylene/higher a-olefin copolymers has been investigated.

Differential Scanning Calorimetry (DSC), Dynamic
Mechanical Thermal Analysis (DMTA) and solid state e
NMR were used in this work in order to evaluate these new
materials and to infer about their possible applications.

2. Experimental
2.1. Materials

Polymerization grade propylene was supplied by Polibra-
sil and further purified by passing through 4 A molecular
sieves and copper catalyst columns in order to remove resi-
dual water and oxygen. Commercial toluene was furnished
by Shell and treated with 4 A molecular sieves, refluxed
with sodium and distilled right before use. 1-Hexene,
97 wt% purity and 1-octene, 98 wt% purity, were acquired
from Sigma—Aldrich and further purified by refluxing with
calcium hydride or sodium, respectively, and distilled prior
to use. Metallocene catalyst [rac-Me,Si(2-ethyl,4-phenyl, 1-
indenyl),ZrCl,], with a purity higher than 98 wt% of the
racemic isomer, was donated by Boulder Scientific and
used as received. Methylaluminoxane (MAO) in toluene
(10% w/v) was kindly donated by Witco GmbH and used
as received. Microspheroidal silica MS 3070, with a surface
area of 700 m%g, particle diameter of 90 . and pore volume
of 1.8 ml/g was kindly provided by PQ Corporation.

2.2. Catalyst heterogenization

Silica (2.0 g) was dried and partially dehydroxylated at
400°C for 5h, under nitrogen flow, then treated with
34.5 mmol MAO in 70 ml toluene under nitrogen atmo-
sphere, for 12 h. The MAO treated silica was filtered and
washed with toluene (50 ml) for five times to remove excess
MAO. A metallocene solution (0.1 mmol/50 ml toluene)
was added to the MAO treated silica and stirred for 3 h at
room temperature. The catalyst was filtered and washed
with toluene, dried under vacuum and analysed by Induc-
tively Coupled Plasma Spectroscopy (ICP) to determine Al
and Zr contents. The heterogeneous catalyst used in this
work has a Zr content of 0.15 wt% and Al = 11.0 wt%.

2.3. Polymerization

PHC and POC were produced batchwise in a Biichi
pressure reactor using 1.0 wmol of the catalyst rac-
Me,Si(2-ethyl,4-phenyl, 1-indenyl),ZrCl,, either in the
homogeneous or heterogeneous forms. MAO (5.1 mmol)
was used as cocatalyst for homogeneous reactions (PP1,
PP2, all PHC and POC17) (see Table 1). Heterogeneous
catalysts were prepared according to the above procedure
and used for reactions (all POC reactions but POC17) (Table
1). Additional external MAO (500 wmol) was added in
heterogeneous reactions. Toluene (100 ml) was employed
as diluent. All reactions were carried out at 55°C and
2 bar (gauge), except for PP1, which was obtained at
40°C. The concentration of propylene in toluene was deter-
mined experimentally according to a procedure described
elsewhere [26]. The concentration of comonomer in the feed
was varied from 0.0 up to 46 mol% so as to produce a wide
range of copolymers.

2.4. Characterization

Polymer samples were characterized by '*C NMR, SEC,
DSC and DMTA.

2.4.1. Size exclusion chromatography (SEC)

Molecular weight and molecular weight distribution of
the copolymers were determined in a Waters 150CV-Plus
chromatograph equipped with a differential refractive index
detector and a set of three columns, Styragel HT3, HTS and
HT6. Columns were calibrated using monodisperse poly-
styrene (PS) standards. Molecular weights (M,,) in Table 1
are PS equivalents. Analysis were performed at 135°C using
1,2,4-trichlorobenzene as solvent at 1.0 ml/min. Samples
were dissolved in 1,2,4-trichlorobenzene in a concentration
of 0.2% w/v and protected with Irganox 1010 (0.002% w/v)
in order to prevent degradation during analysis.

2.4.2. Differential scanning calorimetry (DSC)

DSC measurements were performed in a Perkin—Elmer
DSC-7 instrument, previously calibrated with indium metal.
Samples were heated from 60 to 180°C at a heating rate of
10°C/min and cooled down to 60°C at the same rate. Melting
temperatures were determined from the second heating
curve.

2.4.3. Dynamic mechanical thermal analysis (DMTA)

Dynamic mechanical experiments were conducted in a
Polymer Laboratories Dynamic Mechanical Thermal Analy-
ser Mk III Instrument in the bending mode. Measurements
were carried out at 1 Hz and temperature ranged from
—80°C to the next melting point of each copolymer. The
heating rate was 2°C/min. Samples were compression
molded as rectangular plaques of 2 mm X 10 mm X 20 mm
(thickness X width X length) at different temperatures,
depending on comonomer content.
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Table 1
Physical properties of metallocene propylene homopolymers and copolymers
Sample*** Type of Comonomer M, T, (°C) T. (°C) T (°C) Density Tan Tﬁ, (ms)"
comonomer (mol%) (kg/gmol)
PP1 None 0.0 400 12.0 114 160 0.916 0.0593 26.8
PP2 None 0.0 90 - 114 155 - - -
PHC7 Hexene 6.6 70 10.0 103 148 0.907 0.0803 21.4
PHC10 Hexene 9.9 60 5.7 94 142 0.905 0.0957 17.6
PHC16 Hexene 15.7 60 0.5 80 139 0.895 0.1887 16.7
PHC21 Hexene 20.7 50 -83 ¢ ¢ 0.886 0.3150 15.2
POC2 Octene 2.0 245 14.8 96 143 0.904 0.0846 -
POC4 Octene 4.0 85 10.0 87 125 - 0.1593 234
POC5 Octene 5.3 165 6.0 69 113 0.893 0.1965 -
POC7 Octene 7.0 140 6.3 ¢ ¢ 0.887 0.2669 10.4
POC8 Octene 7.8 160 6.0 ¢ & 0.886 0.2754 -
POC9 Octene 9.4 120 —4.6 ¢ ¢ - 0.3715 -
POC17 Octene 16.5 105 -7.0 ¢ & 0.874 0.5745 7.7
POC20 Octene 20.0 200 —-174 ¢ ¢ 0.858 - -

* Number in copolymers sample codes indicate the comonomer content (mol%).
> Al/Zr = 5100 for all homogeneous reactions (PP1, PP2, all PHC and POC17).

¢ Al/Zr = 500 for the heterogeneous reactions (all POC except POC17).

4" All reactions were carried out at P = 2 bar and T = 55°C, except for sample PP1 (T = 40°C).

e

' Average values for T{'}, based on Table 2.

¢ No crystallinity was detected by DSC.

2.4.4. Density

The densities of the copolymers were determined
according to the procedure described in the ASTM D792
[27]. Compression molded rectangular plaques (2 mm X
10 mm X 20 mm) were used for density measurement.

2.4.5. Carbon 13 nuclear magnetic resonance

C NMR spectra of samples were recorded in a Varian
MERCURY 300 spectrometer operating at 74.5 MHz, on a
40% polymer solution in 1,2 dichlorobenzene at 90°C.
Benzene-d6 was used for the internal lock in a 10 mm
NMR probe. Experimental parameters are listed as follows:
acquisition time, 1.815 s; relaxation delay, 15.0 s; pulse
angle, 90° (21.5 ps); 64 K data points; 20 K transients.
Proton decoupling was achieved with the WALTZ 16
sequence. Comonomer content in the propylene copolymers
was calculated according to the method proposed by Cheng
[28] and are presented in Table 1.

2.4.6. Solid state carbon 13 nuclear magnetic resonance
Measurements of the proton spin-lattice relaxation in the
rotating frame (Tﬁ,) were performed in a Varian INOVA
300 NMR spectrometer equipped with a cross-polariza-
tion-magic angle spinning (CPMAS) probe operating at
74.5 MHz (7.1 T). A pulse angle of 90° (5.5 ws) and a 1s
pulse interval was used. All measurements were made at
room temperature. A proton RF field of 45kHz and a
contact time of 2 ms were employed throughout the experi-
ments. The spinning speed at the magic angle was about
4 kHz. The pulse sequence used in the experiments was

MWD = 2.0 for all polymers. Relative M,, values compared to monodisperse PS standards.

the Delayed Contact Time [29]. In this pulse sequence,
the contact time is fixed and the spin locking time is varied.
Acquisition is made after the contact while the proton
decoupler is on. This method gives equivalent results to
the conventional variable high power decoupler contact
time experiment in measuring Tﬂ, of crystalline samples
and is especially indicated for elastomeric and amorphous
systems. For each sample, 10—12 data points were collected
and a 20 Hz line broadening applied. All the acquired data
look like the data shown in Fig. 11. All the relaxation data
were fitted with a spreadsheet program on a personal
computer, assuming a single-exponential (first order) decay.

3. Results and discussion

Some previous considerations regarding the copolymers
preparation are required before discussing their physical
properties listed in Table 1. First, the metallocene catalyst
used in this work, rac-Me,Si(2-ethyl,4-phenyl,1-indenyl),
ZrCl,, is highly isospecific. *C NMR characterization of the
samples have shown that the formation of stereo and regio
defects, for the polymerization conditions used herein, are
insignificant if compared to comonomer defects. Besides,
according to the work of Busico et al. [30] and our own experi-
mental data [31], it is known that the formation of stereo and
regio defects in propylene polymerization catalyzed by iso-
specific metallocenes are quite dependent on polymerization
temperature and pressure. Thus, since all reactions were
carried out at the same pressure (2 bar) and temperature
(55°C) (except for PP1, where T = 40°C), all observed



9794 H. Lovisi et al. / Polymer 42 (2001) 9791-9799

¢
d
ﬁ/ c
b
a
T T T T T T T T
60 80 100 120 140 160
A TEMPERATURE (°C)
e
Ve
d A
v ¢
W b
W ]
75 100 125 150 175

B TEMPERATURE (°C)

Fig. 1. (A) DSC crystallization curves for copolymers with increasing
amounts of 1-hexene: (a) [l1-hexene] = 0.0, (b) 6.6, (c) 9.9, (d) 15.7,
(e) 20.7 mol%. (B) DSC crystallization curves for copolymers with increas-
ing amounts of l-octene: (a) [1-octene] = 0.0, (b) 2.0, (c) 4.0, (d) 5.3,
(e) 7.0 mol%.

changes in physical properties should only be attributed to
the defects caused by comonomer incorporation into
the copolymer chain. Second, differences in molecular
weight were considered not to significantly affect the
copolymers physical properties. All Mys are higher than
50,000 g/gmol and the effect of end groups in chain mobility
was considered to be negligible in comparison to the greater
influence of comonomer incorporation. Differences between
homogeneous and heterogeneous catalysis will be addressed
in a separate paper [31]. Nevertheless, the main difference in
properties observed for these two set of copolymers was an
increase in molecular weight due to the heterogenization of
the catalyst.

Third, copolymers are assumed to have a random como-
nomer distribution along the chain. It was observed during
the kinetic studies [31] that, for the high comonomer
concentrations in the reactor feed used in this work
([comonomer] = 6-46 mol%), the kinetics of copolymeri-
zation was strongly inhibited. Copolymerizations were
stopped after 30 min of reaction, when a significant amount
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Fig. 2. Dependence of crystallization enthalpy on the comonomer content
in the copolymer: (M) propylene/1-hexene: (A) propylene/l-octene.

of comonomer had not yet reacted. So, the product of reac-
tivity ratios for copolymers presented in Table 1 (rpr.) is
approximately one, as determined by *C NMR, which
means a random distribution of the comonomer has been
achieved. A more detailed discussion on the results of the
copolymerization kinetic studies will be presented in a
forthcoming paper [31]. All copolymer samples presented
a narrow and single crystallization peak (Fig. 1). All crystal-
lization temperatures were lower than that of pure homo-
polymer and no transition at the homopolymer region was
observed in the copolymers crystallization curves. No
broadening of the molecular weight distribution was
detected (MWD = 2.0), which would be expected in the
case of a mixture of homopolymer and copolymers with
different degrees of ramification and thus, different hydro-
dynamic volumes. So, all these evidences make it quite
reasonable to assume these copolymers to have a homo-
geneous comonomer distribution.

Table 1 presents a list of all copolymers that were
produced and their main properties. It can be immediately
observed the large range of molecular weights and como-
nomer contents obtained with this versatile catalyst system,
proving its capability for tailoring olefin copolymers with
controlled thermal and mechanical properties.

Fig. 1 shows the crystallization curves for propylene
homopolymer and PHC (Fig. 1a) and for POC (Fig. 1b)
with different comonomer contents. As the comonomer
content increases, the crystallization temperature and the
enthalpy of crystallization drop to lower values. Actually,
a linear relationship exists between comonomer content
and crystallization temperature (7,) or enthalpy of crys-
tallization (AH,) for both types of copolymers (Figs. 2
and 3). When the concentration of 1-hexene reaches
21 mol%, no more crystallization can be detected and
it seems the material is amorphous (Fig. la). In fact,
increasing amounts of higher a-olefin incorporated into
the copolymer, gradually disrupt the crystalline structure,
since the short branches will impart defects to the
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Fig. 3. Influence of comonomer content in the copolymer on the crystal-
lization temperature: () propylene/1-hexene; (A) propylene/1-octene.

polymer chain, creating obstacles for the organization of the
crystalline region.

This effect becomes more intense for longer branches, so
in the case of POC, less 1-octene will be needed, compared
to 1-hexene, in order to achieve the same degree of dis-
organization of the crystalline phase (Figs. 1b, 2 and 3).
Fig. 1b shows that only 7 mol% of 1-octene was required
to completely destroy the copolymer crystallinity, whereas
21 mol% of 1-hexene was necessary to obtain the same
result.

The decline in crystallization enthalpy and temperature
cannot be attributed to the lower molecular weight of PHC
compared to the homopolymer (Sample PP1) (values in
Table 1), since homopolymer PP2 and all PHC have basi-
cally the same molecular weights. The concentration of
short chain branches seems to be the main reason affecting
the organization of the crystalline phase, which is supported
by the fact that the longer the branch, the easier is the
destruction of the crystalline structure.

Miilhaupt et al. [32] have studied the crystallization of
metallocene syndiotactic poly(propylene-co-octene) and
have concluded by X-ray diffraction measurements that
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Fig. 4. Tan 8 X temperature plots for propylene copolymers with increas-

ing 1-hexene contents: (a) [1-hexene] = 0.0, (b) 6.6, (c) 9.9, (d) 15.7, (e)
20.7 mol%.
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Fig. 5. Tan & X temperature plots for propylene copolymers with increasing
amounts of 1-octene: (a) [l-octene] =2.0, (b) 5.9, (¢) 7.8, (d) 9.9,
(e) 16.5 mol%.

the short chain branches are excluded from sPP crystals,
following Flory’s exclusion model [32-35]. Although it
was not the purpose of this work to make an in-depth inves-
tigation of the copolymers crystalline morphology, it is
quite reasonable to expect a similar behavior for metallo-
cene isotactic poly(propylene-co-octene) and poly(propyl-
ene-co-hexene). That would also be in good agreement with
what has been observed by several authors for ethylene/a-
olefin copolymers, where alkyl branches larger than methyl
are excluded from the polyethylene crystal lattice [36—38].

Figs. 4 and 5 show the variation of tan 6 with temperature
for different PHC and POC, respectively. It can be observed
that for incremental comonomer contents, there is a signifi-
cant rise in the tan 6 maxima values. Also the temperatures
where the maxima of tan & occurs, which are related to the
glass transition temperatures (7,), shift to lower values for
higher amounts of comonomer in the copolymer. Again a
straight correlation can be established between comonomer
content and tan & at the T, (Fig. 6). These results are in very
good accordance with what has been observed by Starck
et al. [9,10] in their studies on ethylene/higher a-olefin
copolymers.

A linear relationship is also observed between comono-
mer content in the copolymer and the storage modulus at
room temperature (elastic modulus (E') at 25°C) (Fig. 7).
This information gives a good indication about the copoly-
mers stiffness and their performance in stress, hardness and
impact tests at room temperature.

Another very good relationship was observed between 7T,
determined by DMTA at the maxima of the tan & curves and
comonomer content (Fig. 8). In a recent paper, Miilhaupt
and coworkers [11] have presented a similar dependence
between 7, and the concentration of short chain branches
for metallocene ethylene/a-olefin copolymers and highly
branched polyethylene prepared by Pd catalysts.

The influence of the short branch length is remarkable.
Figs. 7-9 superposes the curves for the PHC and for POC,
making it evident that much less 1-octene is necessary to
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Fig. 6. Influence of comonomer concentration on the elastic modulus at
25°C for (M) propylene/l-hexene copolymers (PHC) (A) propylene/1-
octene copolymers (POC).

lower the T, and impart rubbery behavior to the material.
This is quite comprehensible, since the longer the alkyl
branch, the farther apart will be the chains from each
other and the more difficult it will be to organize the chains
into lamellae and spherulites. So, this gain in mobility and
flexibility will be sensed as a lowering of the glass transition
temperature and storage modulus in DMTA measurements
and in this case, as a decay of Tﬁ, obtained by solid state '*C
NMR experiments (Tables 1 and 2).

Therefore, DMTA seems to be a very useful tool to
predict mechanical properties of propylene copolymers
based on these correlations between properties and chemical
composition [39].

Since density is a very important property for the manu-
facturer, it was also investigated and once again a linear
correlation between comonomer content and density was
verified (Fig. 10). It can be observed from Fig. 10 that the
incorporation of 1-hexene or 1-octene lowered the density
of the copolymers. The short branches keep the polymer
chains apart, creating more space between chains, which
in a microscopic scale means a larger free volume and a

0,8
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25
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Fig. 7. Dependence of tan & values (at 7)) on comonomer type and concen-
tration: (A) propylene/1-octene copolymers (POC); (@) propylene/1-hexene
copolymers (PHC).
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Fig. 8. Influence of comonomer type and content on the glass transition
temperature (7,): (A) propylene/1-octene copolymers (POC); (@) propyl-
ene/1-hexene copolymers (PHC).

reduction of crystallites size and in a macroscale will be
translated into lower densities. The effect of the longer
alkyl branch can be easily detected by a much sharper
decline in density for the POC. A similar behavior has
been observed by Yoon et al. [40] in their studies on metal-
locene ethylene/higher a-olefin copolymers.

It is known that solid state NMR provides a way to study
the molecular dynamics down to a molecular size scale
[29,41-43]. So, it was employed to evaluate molecular
motion and materials’ flexibility in order to establish a
correlation with the information supplied by DMTA and
the other characterization techniques used in this work. To
our knowledge, there is no previous solid state NMR
(Fig. 11) characterization of these metallocene propylene
copolymers.

Fig. 12 shows the "C CPMAS NMR spectra for poly-
propylene and PHC and POC. The three major lines assigned
in the spectra correspond to the CH, (44.5 ppm), CH
(26.4 ppm) and CHj; (21.8 ppm) groups of polypropylene.
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Fig. 9. Superposed tan & X temperature plots for propylene copolymers:
(a) [octene] = 16.5 mol%, (b) [hexene] = 20.7 mol%, (c) [1-hexene] =
15.7 mol%.
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Table 2
Tﬁ) values for metallocene propylene/higher a-olefins copolymers
Sample Comonomer T]}; (ms)

44.5 ppm* 26.4 ppm* 21.8 ppm*
PP1 None 27.0 27.2 26.1
PHC7 Hexene 21.5 21.6 21.0
PHCI10 Hexene 17.9 18.0 17.0
PHC16 Hexene 16.7 16.9 16.6
PHC21 Hexene 15.3 15.5 14.9
POC4 Octene 23.8 237 22.6
POC7 Octene 11.0 10.5 9.8
POC17 Octene 8.7 7.9 6.6

* CH, (44.5 ppm), CH (26.4 ppm) and CHj; (21.8 ppm) of polypropylene
(see Fig. 12).

The additional 30.8 and 15.0 ppm lines belong to the CH,
branches and CHj; end groups from comonomers, respec-
tively. The “C line shapes of the copolymers are similar
to those of the corresponding homopolymer for the experi-
mental conditions used in this work.

The CP/MAS NMR method [29,41-43] was employed to
measure individual Ty,s for protons attached to different
kinds of carbons. Proton T}, relaxation can be characterized
by means of matched spin-locked, cross-polarization trans-
fer experiments in which the carbon signal tracks the proton
polarization as a function of proton high field decoupler
contact time and thus follows its decrease via a T, process
(Fig. 11). This relaxation time is sensitive to motion at low
frequency and was used to characterize differences in
motion between the propylene copolymers presented in
Table 2. However, it is first necessary to understand the
dynamics of spin diffusion between polypropylene and
copolymer protons. Table 2 displays 7, relaxations as
detected by the protonated main chain carbons of high
molecular weight polypropylene, PHC and POC. To
measure TE, in these polymers, the sharper lines in the spec-
tra have been monitored. Those are not pure lines and corre-
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Fig. 10. Dependence of density on comonomer type and content: (A)
propylene/1-octene copolymers (POC); (@) propylene/1-hexene copoly-
mers (PHC).

T
40" pom

0.2

Fig. 11. Variable *C NMR signal intensity as a function of 'H/"*C
cross-polarization contact time of propylene/l-hexene copolymer
([1-hexene] = 20.7 mol%).

spond to the crystalline structures under the influence of the
amorphous phases [42,43]. Since Tﬁ, passes through a mini-
mum as the samples correlation time varies, the relaxation
behavior in these systems was modeled assuming the corre-
lation time of the highly crystalline polypropylene to be at
the lower frequency limit. So, changes in this parameter for
the copolymer samples, in comparison to the PP relaxations,
were discussed. It can be observed that for the same mate-
rial, the carbons experiment slightly different Tal values. On
the other hand, for copolymers with increasing comonomer
content, T{'}J decreases, which, in this case, is indicating a
gain in mobility. This increase in mobility can be attributed
to a combination of two main effects, i.e. the reduction of
the crystallite size and the greater mobility of the non-crys-
talline chains. Values for all Tﬁ,s are reported in Table 2.
For both systems, lower Tﬂ, values were observed for higher
comonomer content and longer alkyl branch, indicating an

218
445

C3/C6 copolymer

15.0 C3/C8
copolymer

Fig. 12. CPMAS "C NMR spectra of polypropylene homopolymer, propy-
lene/1-hexene copolymer ([1-hexene] = 20.7 mol%) and propylene/1-
octene copolymer ([octene] = 16.5 mol%).
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increase in the copolymer’s flexibility. This result is corro-
borated by the 7, and tan 6 measurements.

4. Conclusions

DSC and DMTA techniques have proved to be very
useful techniques to establish correlations between the
degree of comonomer incorporation in propylene copoly-
mers and their thermal and mechanical properties. It was
observed in this study that properties such as enthalpy of
crystallization (AH,), crystallization temperature (7), melt-
ing temperature (7,), glass transition temperature (7,),
dynamic storage modulus (elastic modulus — E") and
density decreased in a linear manner with increasing como-
nomer content in the copolymer.

That might allow to suggest the use of DSC, DMTA and
density measurement, as fast and low cost analytical meth-
ods to determine comonomer content in propylene copoly-
mers, in the studied range of concentration, as a less
expensive alternative to solution state BC NMR. Of course,
some prior information is required in order to develop a
reliable analytical method, such as the type of comonomer
that is incorporated in the copolymer, the concentration of
stereo and regio defects in the chain (which is determined by
the type of catalyst used and reaction conditions), the copo-
lymers thermal history and a calibration curve, which must
have been previously constructed with standards of known
comonomer concentration, determined by solution BCNMR.

Solid state *C NMR showed excellent correlation with
the results obtained by DMTA. Lower Tal values were
observed for higher comonomer content and longer alkyl
branch, which, in this case, indicate an increase in copoly-
mers’ flexibility. That finds correspondence to the lowering
of storage modulus, the decline in glass transition
temperature (7,) and the increase of tan 6 in DMTA
experiments.

The effect of the short branch length is quite noteworthy
and affects all measured properties. It was observed that the
longer the alkyl branch, the less comonomer was necessary
to separate the polymer chains and disrupt the crystalline
structure. It, therefore, increases the free volume and the
amorphous phase and reduces the size of crystallites,
which will be translated into lower densities and rubbery
behavior of the copolymers.

Based on the structure—property relationships herein
described, one can infer about these copolymers impact
resistance and other important end-use properties.
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