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Metalloorganic Polymerization Catalysis as a Tool To Probe
Crystallization Properties of Polymers: The Case of Isotactic

Poly(1-butene)**

Claudio De Rosa,* Finizia Auriemma, and Luigi Resconi

The discovery and development of metalloorganic catalysis
have allowed increasing control over the microstructure of
polymer chains with a relevant impact on the final material
properties.") A major evolution has occurred in the produc-
tion of poly(propylene), whose properties can be tailored in
the polymerization stage by using metalloorganic catalysts
with appropriate structures. However, this process requires
profound insight into the relationships between catalyst
structure, chain microstructure, crystallization properties,
and properties of the final product. The usefulness of single-
center metallocene catalysts in achieving this objective has
been recently demonstrated in the case of isotactic polyprop-
ylene (iPP).’! Metallocene catalysts, indeed, afford the
controlled random incorporation of a single type of micro-
structural defects (stereo and regio defects as well as constitu-
tional defects),”* allowing study of the influence of defects
on the crystallization and physical properties of iPP.F!
Although the huge commercial success of iPP is due to the
continuous development of traditional Ziegler—Natta cata-
lysts, the vast majority of products being fabricated with the
highly isotactic polymer, a range of polypropylenes with
properties not accessible with Ziegler—Natta catalysts, have
been produced with metallocene catalysts.

In contrast with iPP, all the extensive investigations on the
development of different generations of Ziegler—Natta cata-
lysts have produced only limited commercial success of
isotactic polybutene (iPB), its attractive physical properties
notwithstanding. In fact, iPB exhibits advantages over other
polyolefins, such as polyethylene and polypropylene, in
superior toughness, tear strength, flexibility, creep, and
impact resistance and finds many applications in, for example,
pressurized tanks, tubes, and hot water pipes. However, these
useful properties belong to the stable, denser trigonal form I
(Figure 1A),” which forms upon spontaneous solid-phase
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form 11

Figure 1. Crystal structures of A) the trigonal form I, with 3, helical
chains, and B) tetragonal form II, with 11; helical chains, of iPB.

transformation at room temperature of the metastable,
kinetically favored tetragonal form II (Figure 1B),”
formed by crystallization from the melt. This transformation
requires several days to go to completion® and produces
undesirable effects, such as shrinkage of the molded objects as
aresult of densification.”®! These drawbacks have considerably
limited the application of iPB and prevented its broader
commercial diffusion, and a great deal of research has thus
been oriented towards finding solutions to accelerate the
transition.

Herein, we show that the use of metallocene catalysts
applied to 1-butene polymerization produces iPB samples
that can be used as model systems for understanding the
crystallization behavior of this polymer, and in particular for
probing the thermodynamic and kinetics factors that govern
the crystallization of polymers and spontaneous phase trans-
formations. This research is the key for finding solutions to
the complex polymorphic transition of iPB that still stands in
the way of the commercial development of iPB.

Samples of iPB of different stereoregularity have been
prepared with the C;-symmetric metallocene catalysts 1-8 in
liquid 1-butene in the polymerization temperature range 50—
90°C. The appropriate choice of metallocene catalyst can
provide iPB with molecular masses covering the whole range
of practical interest for industrially significant polymerization
conditions.”) Moreover, the structure of the catalysts can be
modified to tune the polymer stereoregularity, and samples
containing one type of stereoirregularity, namely, rr triad
defects,” have been produced with 7 concentrations between
0.3 and 5 % and melting temperatures in the range 125-70°C.
A list of the samples with characterization details of the
polymer is reported in Table 1.

The X-ray powder diffraction profiles of the iPB samples,
crystallized from the melt by cooling the melt to room
temperature at 2.5°Cmin~', are reported in Figure 2 A. The
diffraction profiles of the same melt-crystallized samples aged
at room temperature for 1 month are reported in Figure 2B.
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Table 1: Characterization data for the iPB samples prepared with
catalysts 1-8.

Sample Cat. M/ M, M, /M am Ta(l) X
[%][d] [%][61 [Oq[f] [%][gl
iPB1 1 204000 236000 2.0 98.0 04 125 66
iPB2 2 229000 297000 2.1 9.2 0.8 120 63
iPB3 3 243000 315000 2.0 942 12 115 64
iPB4 4 321000 414000 2.0 922 14 113 61
iPB5 5 189000 228000 2.0 877 25 103 52
iPB6 6 134000 176000 2.2 865 28 99 50
iPB7 7 132000 173000 2.1 777 47 92 44
iPB8 8 216000 280000 2.1 761 50 71 44

[a] Viscosity average molecular mass. [b] Mass average molecular mass.
[c] Polydispersity. [d] Concentration of the isotactic mmmm pentad.
[e] Concentration of rr triad. [f] Melting temperature of sample in form |
crystallized from the melt and aged at room temperature for long time.
[g] X-ray crystallinity of melt-crystallized samples.

It is apparent that all the more stereoregular samples with
concentrations of rr stereodefects lower than 1.4 mol%
crystallize from the melt into form IL'” as indicated by the
presence of the (200)y;, (220), and (213);; + (311) reflections
at 260=11.9, 16.9, and 18.3°, respectively, in the diffraction
profiles a—d of Figure 2A. The crystallization of the meta-
stable form II from the melt is the common behavior of iPB
observed in samples of iPB prepared with Ziegler—Natta
catalysts and extensively described in the literature.®!

Less stereoregular samples crystallize from the melt
instead in the stable form I,”! as indicated by the presence
of (110),, (300);, and (220);+ (211), reflections of form I at
260=9.9, 173, and 20.5°, respectively, in the diffraction
profiles e-h of Figure 2 A. The presence of rr stereodefects
in concentrations higher than 2 mol% induces the crystal-
lization from the melt of form I instead of the metastable
form II.
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Figure 2. X-ray powder diffraction profiles of samples of iPB of differ-
ent stereoregularity crystallized by cooling the melt to room temper-
ature (or lower temperature) at a cooling rate of 2.5°Cmin~' recorded
soon after the cooling (A) and after aging at room temperature for at
least 1 month (B). The (110),, (300),, and (220),+ (211), reflections of
form | at 26=9.9, 17.3, and 20.5°, respectively, and the (200),, (220),,
and (213),,+ (311),, reflections of form Il at 26=11.9, 16.9, and 18.3°,
respectively, are indicated. All spectra are vertically displaced.

To demonstrate that crystals of form I are obtained in
stereodefective iPB samples directly from the melt and not
from rapid transformation of form II, time-resolved X-ray
diffraction experiments during the melt crystallization were
performed. Since the reflections diagnostic of crystals of
form I and form II are in the diffraction angle range 26 =9-
13° ((110), reflection of formI at 26=9.9° and (200);
reflection of form IT at 260 =11.9°), the diffraction profiles
were recorded during the isothermal crystallization only in
the range 2 0 = 8-14°. An example is shown in Figure 3 for the
sample iPB6 with [rr] =2.8 %. The sample was first heated to
180°C and the diffraction profile of the melt was recorded at
180°C (profile a of Figure 3B). Then, according to the DSC
cooling curve of Figure 3 A, the sample was rapidly cooled to
the crystallization temperature 7, corresponding to the
onset of the crystallization in the DSC scan, and the
diffraction profiles were recorded at collecting rate of
1.2 degreemin™', every 5 min in the range 26 =8-14° up to
the complete crystallization at T, (Figure3C). Similar
experiments were performed at crystallization temperatures
T. lower than T, up to 25°C (Figure 3D).

The sample iPB6 crystallizes by cooling the melt to —30°C
completely in form I, as indicated by the diffraction profile b
of Figure 3B, which shows the (110);, (300);, and (220),+
(211), reflections of formI at 260=9.9, 17.3, and 20.5°,
respectively. The diffraction profiles recorded at 55°C
during the crystallization at 55°C of Figure 3C clearly show
that, starting from the amorphous halo of the melt (crystal-
lization time of 0 min in Figure 3C), the (110); reflection of
form I at 260 =9.9° appears at the beginning of the crystal-
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Figure 3. A) DSC (differential scanning calorimetry) cooling curve from
the melt at 2.5°Cmin~". Exo=exotherm. B) X-ray powder diffraction
profiles recorded at 180°C (melted sample) and 25°C of the sample
iPB6 with [rr]=2.8 mol%. The (110),, (300),, and (220),+ (211),
reflections of form | at 26=9.9, 17.3, and 20.5°, respectively, are
indicated in (B). In (A) the arrows indicate the temperatures at which
the diffraction profiles were recorded (180, 55, and 25°C). C,D) X-ray
powder diffraction profiles recorded in the range 20 =8-14° at the
crystallization temperatures 55°C (C) and 25°C (D) during the
isothermal melt-crystallization. The crystallization times are also indi-
cated.

lization (5 min), when the (200); reflection at 26 =11.9° of
form II is not observed. The intensity of the reflection of
form I increases during the crystallization, and the (200);
reflection of form II at 26 =11.9° never appears.

At 25°C, the crystallization is faster and only the (110),
reflection of form I appears and no crystals of form II form
during crystallization. These data clearly indicate that for the
stereoirregular sample iPB6 crystals of form I are obtained
directly from melt crystallization and not from a rapid
transformation by aging at room temperature of the crystals
of formII formed from the melt crystallization. Similar
experiments were performed for all samples of Figure 2 (see
the Supporting Information) and confirmed that less stereo-
regular iPB samples with rr content higher than 2%
crystallize from the melt directly into form L.

The presence of rr stereodefects favors the crystallization
from the melt of the stable form I over that of form II, which
is the kinetically favored modification in highly isotactic
samples. This may be due to the reduced stability of the 115
helical conformation of form II in the presence of high
concentrations of rr defects, relative to the 3, helical
conformation of form I, or the increased crystallization rate
of form I because of the increased flexibility of the chains in
the presence of rr defects.

The discovery that incorporation of rr stereodefects
produces direct crystallization of the stable form I of iPB
may be the key for a broader future development of iPB. The
problem of occurrence of form II to form I transformation is
solved. Furthermore, incorporation of rr defects produces
only a slight decrease of crystallinity, from values of 60-70 %
of the most isotactic samples to remarkable values of 40-50 %
of the more stereodefective samples that crystallize form the
melt in form I (Table 1). This result guarantees that the
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outstanding mechanical properties of strength and flexibility
of iPB are maintained even in stereodefective samples. The
stress—strain curves of some iPB samples are reported in
Figure 4, as an example. The curves of melt-crystallized
samples are compared with those of samples aged at room
temperature for at least 1 month to allow complete trans-
formation of formII into formI for the most isotactic
samples.
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Figure 4. Stress—strain curves of melt-crystallized compression molded
films of samples iPB2 with [r]=0.8% (A) and iPB6 with [r]=2.8%
(B) before (dashed lines) and after (continuous lines) aging at room
temperature for 1 month.

It is apparent that the increase of concentration of rr
defects does not produce a strong decrease of strength and
modulus (the Young modulus of melt-crystallized samples
varies from 60-70 MPa of the most isotactic samples iPB1-4
that are crystallized in form II, to 40-60 MPa of the irregular
samples iPB5-8 that are crystallized in form I), but produces
an increase of deformation at break and, hence, an improve-
ment of flexibility and ductility. Moreover, most importantly,
while in the most isotactic samples (as in Ziegler-Natta iPBs)
aging at room temperature produces a change of the
mechanical properties owing to the transformation of
form II into form I (Figure 2B) (a net increase of modulus
and stress at yielding is observed in the stress—strain curves of
Figure 4 A), in stereodefective samples no alteration of the
mechanical properties is observed upon aging (Figure 4B)
because of the absence of the phase transformation.

In conclusion, single-center metalloorganic catalysis has
allowed the synthesis of iPB samples of controlled molecular
structure that are used as model systems for understanding
the influence of rr stereodefects on the thermodynamic
stability and crystallization kinetics of polymorphic forms of
iPB. Moreover, the discovery that incorporation of rr stereo-
defects produces direct crystallization of the stable form I of
iPB might also have a practical interest. In fact, in contrast to
highly isotactic samples, melt-crystallized specimens of ster-
eodefective iPB samples do not undergo phase transforma-
tion upon aging at room temperature, so that the undesirable
effects, such as shrinkage of the molded objects generated by
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densification, generally observed in Ziegler—Natta iPBs, are
eliminated.

It is worth pointing out that the current manufacturing
process of polybutene is a continuous solution polymerization
process in neat liquid 1-butene: this process implies that, as
the polymer is fully dissolved in the liquid monomer, particle
polymer morphology is not an issue, and hence catalysts do
not need to be heterogenized. We recall that the latter aspect
has been the main hindrance in the development of metal-
locene catalysts for polypropylene, which is manufactured in
either slurry or gas-phase processes, in which control over
particle morphology is a fundamental aspect of catalyst
design, in order to avoid reactor fouling and fines formation.
This process has the unique ability to produce polymer
particles of controlled spherical morphology directly in the
reactor, thanks to a full replication of the spherical catalyst
particles."” In the case of butene polymerization, on one hand
the solution process does not require catalyst heterogeniza-
tion and no limitations in catalyst performance have been
found, and on the other hand a solution to the problems
related to the form II to form I transition that have prevented
the commercial diffusion of iPB has been found. The possible
success of metallocene catalysts in the industrial production
of polybutenes is therefore not a question of catalyst
performance, but rather one of applications and market
development.
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