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ABSTRACT: The conditions for the crystallization of form Il of syndiotactic polypropylene are described.
As-prepared, melt-crystallized, and oriented-fiber specimens of different samples of syndiotactic polypro-
pylene having different degrees of stereoregularity, prepared with a metallocene-based catalyst as well
as with the traditional Ziegler—Natta vanadium-based catalyst, are analyzed by X-ray diffraction and
solid-state *C NMR CPMAS spectroscopy. According to this analysis, the crystallization of form Il is
favored in samples having a low degree of stereoregularity. Indeed, as-prepared and melt-crystallized
samples of highly stereoregular syndiotactic polypropylene always crystallize in form |, whereas less
stereoregular samples present small amounts of crystals of form Il and/or a mode of packing of form Il
occurs as a defect in a prevailing mode of packing of form I. The pure form Il has been obtained by
stretching compression-molded specimens of samples having low stereoregularity, prepared with the
metallocene- or vanadium-based catalysts. By stretching the most stereoregular samples obtained with
the metallocene catalyst, fibers in the trans planar form 111 are obtained. However, also for the higher
stereoregular sample, the pure form Il can be obtained upon release of the tension in fibers initially in
the trans planar form Ill. Under these conditions a transition from form Il into the isochiral helical
form Il occurs. Annealing fiber samples of form 11 or form 11l at high temperatures (100 °C) gives fibers

with a mixture of crystals of forms | and I1.

Introduction

Syndiotactic polypropylene (s-PP) presents a very
complex polymorphic behavior.=1° Four limit-ordered
crystalline forms of s-PP have been described so far.
Forms | and Il are characterized by chains in s(2/1)2
helical conformation, whereas forms 111 and IV present
chains in trans planar3® and (TsG2T2G>),1° conforma-
tions, respectively. The different crystalline forms are
characterized by different kinds and amounts of disorder
depending on the degree of stereoregularity and the
mechanical and thermal history of the samples.11-14

The crystal structures of the limit-ordered form 14715
and form 1128 of s-PP are shown in parts A and B of
Figure 1, respectively. Form I was found by Lovinger
et al.;*~7 it is the stable form of s-PP obtained under
the most common conditions of crystallization (melt and
solution crystallization) in powder samples and single
crystals of s-PP. In this polymorphic form of s-PP, 2-fold
helical chains are packed, in the limit-ordered structure,
with an alternation of right-handed and left-handed
helices along both axes of the unit cell*” (Figure 1A).
Electron diffraction patterns and X-ray powder and fiber
diffraction patterns of samples in form | are character-
ized by the presence of the 020 reflection at d = 5.6 A
(260 = 15.8°, Cu Ka),* 7 typical of the mode of packing
of Figure 1A, where the axes of the helices are in the
positions (0, 0, z) and (¥, 0, z) of the unit cell. Disorder
in the alternation of right- and left-handed helices along
both axes of the unit cell is present in powder samples
crystallized from the melt at low temperatures!® or in
single crystals grown at low temperatures.” This dis-
order is often associated to the presence of b/4 shifts
among consecutive bc layers of chains piled along a,
leading locally to an arrangement of the chains similar
to that of form 11,4716

Form 11 is obtained in annealed fiber samples of
s-PP.28 For annealed fibers of samples having high
degree of stereoregularity, obtained with new homoge-
neous metallocene-based catalysts,'” a mixture of crys-
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Figure 1. Two polymorphic forms of s-PP with chains in s(2/
1)2 helical conformation: (A) form | and (B) form II.

tals of forms 11 and I have always been observed.® Form
Il corresponds to the C-centered structure deduced by
Corradini et al.l? from the X-ray fiber diffraction
pattern. In this form chains in s(2/1)2 helical conforma-
tion are packed in an orthorhombic unit cell with axes
of the helices in the positions (0, 0, z) and (}/, /5, z) of
the unit cell (Figure 1B). The space group proposed for
the limit ordered structure of form Il was C222,, for
which helices of the same chirality are included in the
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unit cell.2 The X-ray fiber diffraction pattern of form
Il is characterized by the presence of the 110 reflection
at d = 5.22 A28 (29 = 17.0°, Cu Ko the indices of the
110 reflection are given for the unit cell of Figure 1B
with b = 5.6 A).

The conditions which induce the crystallization of the
metastable form Il are not clear. A sharp 110 reflection
at 20 = 17.0°, typical of form 11, has been observed only
in annealed fiber samples of s-PP up to now.8 Powder
samples of s-PP having a low degree of stereoregularity
(fully syndiotactic pentad rrrr content 86%), quench
precipitated from solutions, show X-ray diffraction
features typical of form Il, although the reflection at
20 = 17.0° appears broad, indicating the possible
presence of crystals of form 1.813 These powder samples
are characterized by the presence of conformational
disorder,1® as shown by the analysis of the solid-state
13C NMR spectra.'314 The disorder corresponds to the
presence of a trans planar portion of chains connecting
portions in an s(2/1)2 helical conformations.'318 In the
resulting structure, the conformational disorder pro-
duces the formation of kink bands;!8 the chains would
be packed according to an orthorhombic lattice centered
on the ab face: for the ordered regions such as in form
Il and for the region comprising the defects such as in
form 1V.131819 The modifications presenting kink bands
could be thought of as intermediate between the limit-
ordered forms Il and IV of s-PP. A continuum of
structures exists among the limit-ordered ones of forms
Il and IV. In powder samples of s-PP, only these
disordered intermediate modifications of form Il have
been observed so far.

In a recent paper we have shown that the presence
of small amounts of ethylene as comonomeric units,
included in the crystalline phase of as-prepared samples
of poly(propene-co-ethylene), induces the crystallization
of conformationally disordered modifications of form |1
with kink bands.?°

In this paper the conditions which induce the crystal-
lization of form Il are analyzed in order to provide
evidence of the existence of the pure limit-ordered form
Il with chains in an ordered helical conformation and
without the occurrence of crystals of form 1.

Experimental Section

Three different samples of s-PP were analyzed. Two
samples (sPP(A) and sPP(B)), supplied by Montell Technology,
were synthesized with a single center syndiospecific catalyst
composed of isopropylidene(cyclopentadienyl)(9-fluorenyl)zir-
conium dichloride and methylaluminoxane.*” sPP(A) and sPP-
(B) samples are characterized by fully syndiotactic pentad
contents [rrrr] of 70 and 96%, respectively, and melting
temperatures of 110 and 153 °C, respectively. They have
different stereoregularity since they were prepared at different
polymerization temperatures.?* The third sample, sPP(C), was
synthesized with the traditional Ziegler—Natta vanadium-
based catalyst?? at very low temperature. The sample sPP(C)
is stereoirregular and regioirregular, being characterized by
a stereoblock structure with syndiotactic sequences prevailing
to isotactic ones and head-to-head/tail-to-tail regioirregular
defects?*2* and melting temperature of 120 °C.

Isothermal crystallizations from the melt of the sample
sPP(A) were performed with the following procedure. The as-
prepared sample was melted at 200 °C and kept for 5 min at
this temperature in a N, atmosphere; it was then rapidly
cooled to the crystallization temperature (T;) and kept at this
temperature, still in a N, atmosphere, for a time (t;) long
enough to allow complete crystallization at T.. The sample
was then cooled to room temperature and analyzed by wide-
angle X-ray diffraction.

On the Form 11 of Syndiotactic Polypropylene 7431

Oriented-fiber samples of s-PP were obtained by stretching,
at room-temperature, compression-molded samples.

X-ray powder diffraction patterns were obtained with an
automatic Philips diffractometer using Ni filtered Cu Ka
radiation. X-ray fiber diffraction patterns were obtained with
Ni-filtered Cu Ka radiation in photographic cylindrical camera.

13C NMR CPMAS spectra were recorder at room tempera-
ture on a AM 250 Brucker spectrometer operating at 62.89
MHZz for 13C. The samples (100 mg) were spun in a zirconia
rotor at a speed of 4500 Hz. For each spectrum about 1500
transients were collected using the following acquisition
parameters: 3 s delay between pulses, 90° pulse of 5.4 us and
a contact time of 1 ms. Crystalline polyethylene was used as
external reference at 33.6 ppm from tetramethylsilane (TMS).

Results and Discussion

Powder Samples. As shown in the literature, as-
prepared and melt-crystallized samples of s-PP having
a high degree of stereoregularity (with fully syndiotactic
pentad rrrr content higher than 90%) always crystallize
in the most stable form 1.5-81516 Also, in single crystals
of s-PP, only form | has been observed.*~7 In these
samples, form Il has been obtained in annealed fibers®
but always in mixture with crystals of forms I.

As discussed in the Introduction as-prepared samples
of s-PP having lower stereoregularity ([rrrr] = 86—88%)
can crystallize in conformationally disordered modifica-
tions of form 11.1318 However, these samples give rise
the most stable form | by crystallization from the
melt®13 or in single crystals.*

The X-ray powder diffraction patterns of the as-
prepared sample s-PP(A) having a low degree of stereo-
regularity ([rrrr] = 70%), and of samples of s-PP(A)
obtained by isothermal crystallization from the melt at
various temperatures T, are reported in Figure 2. The
pattern of the as-prepared sample presents both 020 and
110 reflection at 16° and 17°, typical of forms I and II,
respectively. The patterns of the melt-crystallized
samples indicate that, at each temperature, crystalliza-
tion in form I mostly occurs, as indicated by the presence
of the 020 reflection at 26 = 16°. The absence or the
low intensity of the 211 reflection at 260 = 18.8° in the
patterns of Figure 2 indicates that, for this sample of
s-PP, disordered modifications of form | are always
obtained by crystallization from the melt, even at high
crystallization temperatures. The limit-ordered form I,
characterized by a regular alternation of right- and left-
handed helices along both axes of the unit cell,* obtained
in samples of s-PP having high stereoregularity and
crystallized at high temperatures,”16 is never obtained
for the less stereoregular s-PP sample. As shown in a
previous paper,16 the disorder corresponds to defects in
the alternation of right- and left-handed helices along
both axes of the unit cell. The broadening and the low
intensity of the 020 reflection at 260 = 16°, and the
presence of shoulders or peaks of low intensity at 26 =
17° in the X-ray patterns of Figure 2 indicate that small
amounts of crystals of form Il are present in the melt-
crystallized samples and/or a mode of packing of form
Il (Figure 1B) occurs as a defect in a prevailing mode
of packing, form | (Figure 1A). This kind of defect
corresponds to a disorder in the stacking of bc layers of
chains, implying b/4 shifts among consecutive bc layers
piled along a.57 It also occurs in samples of s-PP having
a high degree of stereoregularity in the case, for
instance, of single crystals of s-PP grown at low tem-
peratures’ (<120 °C) and of powder samples of s-PP
crystallized from the melt at temperatures lower than
120 °C.16 It produces a broadening of the 020 reflection
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Figure 2. X-ray powder diffraction patterns of the as-
prepared sPP(A) sample and of samples of sSPP(A) isothermally
crystallized from the melt at the indicated crystallization
temperatures, T.. The indices of the 020 and 211 reflections
are given for the unit cell of forms | of Figure 1A (with b =
11.2 A), while those of the 110 reflection are given for the unit
cell of form 11 of Figure 1B (with b = 5.6 A).

in the X-ray powder diffraction patterns® and streaks
along the h20 line in the electron diffraction patterns.”!

For samples of s-PP of Figure 2, the disorder which
produces a local arrangement of the chains such as in
form 11 occurs at every crystallization temperature. This
indicates that samples of s-PP having low stereoregu-
larity are not able to crystallize from the melt in the
ordered form I, owing to the tendency to form local
arrangements of the chains such as in form II.

Oriented Samples. Oriented fibers of s-PP samples
were obtained by stretching, at room-temperature com-
pression-molded specimens.

The X-ray fiber diffraction pattern of the oriented
sample sPP(A) is shown in Figure 3. Although a low
degree of orientation is achieved, the pure form Il is
obtained after stretching, as indicated by the presence
in the pattern of Figure 3 of a broad reflection centered
at 20 = 17°, indexed as the 110 reflection, and the
absence of the 020 reflection at 260 = 16°. The X-ray
fiber diffraction pattern of the oriented sample sPP(C),
obtained with the vanadium-based catalyst, is shown
in Figure 4. A well-oriented, pure form 11 is obtained,
as indicated by the presence in the pattern of Figure 4
of the 110 reflection at 26 = 17°. Therefore, less
stereoregular samples of s-PP, prepared with the new
metallocene-based catalyst, behave like the irregular
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Figure 3. X-ray fiber diffraction pattern of the stretched
sPP(A) sample (form I1). The indices of the 110 reflection are
given for the unit cell of Figure 1B with b = 5.6 A. Notice that
on the equator the scale in mm gives directly the diffraction
angle 26.

yeii .

Figure 4. X-ray fiber diffraction pattern of the stretched
sPP(C) sample (form I1). The indices of the 110 reflection are
given for the unit cell of Figure 1B with b = 5.6 A. Notice that
on the equator the scale in mm gives directly the diffraction
angle 26.

samples prepared with the traditional Ziegler—Natta
vanadium-based catalyst; the stretching of compression-
molded specimens of these samples gives rise to fibers
in the pure form Il. This is in agreement with the
results of Corradini et al.,? who found form 11 of s-PP
by the analysis of the X-ray pattern of fibers obtained
by stretching regioirregular and stereoirregular s-PP
samples prepared with vanadium-based catalysts.

The X-ray fiber diffraction pattern of the oriented
sample sPP(B), having higher stereoregularity, is shown
in Figure 5. Itis apparent from Figure 5 that the trans
planar form 111 is obtained.®® While less stereoregular
samples of s-PP give, by stretching, fibers in form 11,
samples having higher stereoregularity give, by stretch-
ing, the trans planar form I1l, as already reported in
the literature.®

It is worth noting that the pattern of Figure 5 is
obtained by holding the fiber sample under tension. The



Macromolecules, Vol. 31, No. 21, 1998

-

Figure 5. X-ray fiber diffraction pattern of the stretched
sPP(B) sample (form II1).

1c

Figure 6. X-ray fiber diffraction pattern of the stretched
sPP(B) sample of Figure 5 after the release of the tension (form
I1). The indices of the 110 reflection are given for the unit cell
of Figure 1B with b = 5.6 A. Notice that on the equator the
scale in mm gives directly the diffraction angle 26.

X-ray fiber diffraction pattern of the sample of Figure
5 after the release of the applied tension is reported in
Figure 6. A transition from the trans planar form I11
into the helical form of s-PP occurs. It is apparent from
Figure 6 that, after the release of the tension, although
some orientation is lost, the pure form Il of s-PP is
obtained, as indicated by the presence of the broad 110
reflection centered at 20 = 17°, typical of form Il, and
the absence of the reflection of 260 = 16°, typical of
form 1.

The X-ray fiber diffraction pattern of the oriented
sample in form 111 of Figure 5 after annealing at 100
°C (holding the fiber sample under tension) is reported
in Figure 7. The presence, in the pattern of Figure 7,
of both 020 and 110 reflections at 260 = 16° and 17°,
respectively, is apparent. Fibers with a mixture of
crystals of forms I and Il are obtained by annealing
fibers of form I11.8 The same result is obtained by
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annealing the fiber samples in form Il of Figures 3, 4,
and 6.

The solid-state 3C NMR CPMAS spectrum of the
fiber sample in form 11, corresponding to the X-ray
pattern of Figure 3, is reported in Figure 8. Similar
spectra are obtained for the fiber samples of Figures 4
and 6. It is apparent that these samples present the
usual spectrum of s-PP typical of the ordered s(2/1)2
helical conformation.?> This indicates that, at variance
with powder samples of s-PP crystallized in form 11,
which may be characterized by conformational disor-
der,1318 fiber samples of s-PP crystallized in form 11 are
characterized by chains in the ordered 2-fold helical
conformation.

We recall that in a previous paper® a kind of disorder
present in oriented-fiber samples in form Il was out-
lined. Itwas revealed by the observation that the X-ray
diffraction intensity of the 201 reflection is weaker than
that one calculated according to the space group C222,.811
Correspondingly, some diffuse scattering appears close
to the 201 reflection along the first layer line®! (see
also Figure 4). As shown in ref 11, the disorder giving
rise to such diffraction phenomenon can be ascribed to
departures from the fully isochiral packing of the
helices. Such departures may occur correspondingly to
configurational defects of kind ...rrrmrrr..., as shown in
Figure 2B of ref 11, or to a vacancy of one monomeric
unit, as shown in Figure 2C of ref 11 and Figure 7 of
ref 13. The less stereoregular s-PP samples of this
paper present indeed isolated m defects in a non-
negligible amount. The inclusion of such kind of defects
in the crystals of s-PP is probably more tolerated in form
Il than in form 1. This could explain the favored
crystallization of form Il in less stereoregular s-PP
samples. Furthermore, the onset of form Il in highly
stereoregular samples of s-PP, upon release of the
tension starting from the form 111, may be ascribed to a
cooperative isochiral wrapping of the helices (for geo-
metrical reasons), as discussed in a forthcoming paper.2®

Conclusions

Form 1 is the most stable polymorphic form of s-PP;
it is generally obtained in powder as-prepared or melt-
crystallized samples.

The crystallization of form 11 is favored in samples of
s-PP having a low degree of stereoregularity. Samples
obtained by isothermal crystallization from the melt of
the less stereoregular sPP(A) sample ([rrrr] = 70%)
crystallize essentially in form I, but the broadening and
the low intensity of the 020 reflection at 260 = 16°, and
the absence or the low intensity of the 211 reflection at
20 = 18.8°, indicate that disordered modifications of
form 126 are always obtained, even at high crystalliza-
tion temperature. Moreover, the presence of shoulders
or peaks of low intensity at 20 = 17°, already present
in the as-prepared sample, indicates that small amounts
of crystals of form Il are present and/or a mode of
packing of form Il occurs as a defect in a prevailing
mode of packing of form I. This kind of defect corre-
sponds to a disorder in the stacking of bc layers of
chains, implying b/4 shifts among consecutive bc layers
piled along a.57 It also occurs in samples of s-PP having
a high degree of stereoregularity in the case, for
instance, of single crystals of s-PP grown at low tem-
peratures’ (<120 °C) and of powder samples of s-PP
crystallized from the melt at temperatures lower than
120 °C.16 This disorder is present in low stereoregular
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Figure 7. X-ray fiber diffraction pattern of the stretched sPP(B) sample of Figure 5 after annealing at 100 °C (form | + form IR.
The indices of the 020 and 110 reflections are given for the unit cells of parts A and B of Figure 1, with b = 11.2 and 5.6 A,
respectively, corresponding to forms | and 11 of s-PP, respectively. Notice that on the equator the scale in mm gives directly the

diffraction angle 26.
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Figure 8. Solid-state 13C NMR CPMAS spectrum of the
stretched sPP(B) sample after the release of the tension (form
1.

s-PP in the as-prepared samples as well as in the melt-
crystallized samples obtained at every crystallization
temperature.

Samples of s-PP having low stereoregularity are not
able to crystallize from the melt in the ordered form |
owing to the tendency to form local arrangements of the
chains such as in form I1.

The pure form 11 is obtained in stretched samples of
s-PP having low stereoregularity (sPP(A) and sPP(C)
samples). The less stereoregular sample, prepared with
the new metallocene catalyst (sPP(A)) behaves like the
irregular samples prepared with the traditional Zie-
gler—Natta vanadium-based catalyst; the stretching of
compression-molded specimens of these samples gives
fibers in the pure form Il. By stretching the most
stereoregular sPP(B) sample the trans planar form 111
is obtained.® However, also for the sPP(B) sample, the
pure form Il can be obtained upon release of the applied
tension in fibers initially in the trans planar form I11I.
Under these conditions a transition from form 111 into
the helical form Il occurs. These fibers in form Il
present chains in the ordered 2-fold helical conformation
and do not present the conformational disorder of kink
bands typical of powder samples of s-PP crystallized in
form 11.13.18

The annealing of fiber samples in form 111, as well as
in form 11, at high temperatures (100 °C) gives fibers
with a mixture of crystals of forms I and 11.8

From the present analysis and from the results
already reported in the literature,'31819 we can conclude
that the limit-ordered forms Il and 1V of s-PP crystallize

in fiber samples of s-PP,28 whereas all modifications
crystallized in powder samples, presenting conforma-
tional kink bands disorder and X-ray features typical
of form 11,1318 represent intermediate disordered modi-
fications between the two limit-ordered forms Il and
|V_18,19
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